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Digital images are used almost exclusively instead of film to capture visual in-
formation across many scientific fields. The colorimetric color representation
within these digital images can be relayed from the digital counts produced
by the camera with the use of a known color target. In image capture of
magnified images, there is currently no reliable color target that can be used
at multiple magnifications and give the user a solid understanding of the
color ground truth within those images. The first part of this dissertation
included the design, fabrication, and testing of a color target produced with
optical interference coated microlenses for use in an off-axis illumination,
compound microscope. An ideal target was designed to increase the color
gamut for colorimetric imaging and provide the necessary "Block Dye" spec-
tral reflectance profiles across the visible spectrum to reduce the number
of color patches necessary for multiple filter imaging systems that rely on
statistical models for spectral reflectance reconstruction.
There are other scientific disciplines that can benefit from a specialized color
target to determine the color ground truth in their magnified images and
perform spectral estimation. Not every discipline has the luxury of having a
multi-filter imaging system. The second part of this dissertation developed
two unique ways of using an interference coated color mirror target: one
that relies on multiple light-source angles, and one that leverages a dynamic
color change with time. The source multi-angle technique would be used for
the microelectronic discipline where the reconstructed spectral reflectance
would be used to determine a dielectric film thickness on a silicon substrate,
and the time varying technique would be used for a biomedical example to
determine the thickness of human tear film.
xi
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1Introduction
„Try to be a rainbow in someone’s cloud.
— Dr. Maya Angelou
Letter to My Daughter
1.1 Motivation and Problem Statement
In this digital age, it is important to display color images that appear visu-
ally equivalent to the original object, under its original viewing conditions,
regardless of the technology used to capture or display that image. Painted
color targets such as the X-rite ColorChecker© Classic have been used as a
visual and colorimetric reference within an image such that any rendering
can be compared to the original. Color target spectral reflectance can also be
transferred from capture to display using a variety of multispectral imaging
techniques. This relationship of color and spectral reflectance provided by
the use of a color target in an image can allow the user to identify reflectance
signatures of other objects non-destructively within an image. These targets
have been used successfully for decades in situations where there is very little
magnification used in image capture.
Magnification of objects down to the millimeter level and smaller for image
capture introduces several challenges for color target use. Firstly, the surface
structure of the painted target is no longer smooth. Its roughness is deter-
mined by the medium, the pigment particle size, and the size of additive
particles, such as silica, causing shadowing on the surface. Secondly, there
could be non-uniformity in the color due to paint application, insufficient
paint mixing, or even impurities in the paint. Magnification will enhance
inhomogeneities in color on the surface. Thirdly, one specific color target pro-
duced by paint does not necessarily encompass all of the spectral reflectance
shapes/signatures that exist in the natural world. Magnified objects reveal
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reflected color that can be caused by diffraction, refraction, interference,
fluorescence, etc. that may not be comparable to reflected color caused by
absorption and scattering. Lastly, painted targets have a limited shelf life
depending on how they are used and stored. Many pigments can fade over
time with exposure to different wavelengths of light, humidity, heat, etc.
The research described in this dissertation includes designing, manufacturing,
testing, and confirming utility of an optical interference coated color target
for specific use with cameras that are capturing magnified images (e.g., using
a microscope). Special design techniques will be used to minimize color angle
shifts in the coatings. Optical interference coatings perform best on smooth
surfaces, are homogeneous in their distribution on a surface, do not fade,
and can be used to create an infinite variety of spectral reflectance signatures
across wavelength regions from the X-ray all the way to the far-infrared. An
"ideal" target will be designed for use with multichannel camera systems for
general spectral estimation of any micron-sized (or greater) feature on any
object.
Two additional designed color targets will be introduced, each for very
specific applications using magnified images. The first target will give the
user the ability to create a low-cost spectrophotometer by using a simple
digital camera, which is useful for small laboratories that cannot afford these
expensive measurement systems. This target can provide information to
estimate multiple spectral reflectance profiles for various optical thin films
from as few as two magnified images. The target will provide the user the
ability to determine the spectral reflectance profile of an optical thin film just
by changing the incident angle of the light source. Changes in target color
with incident angle creates multiple colors for a single target patch, which
in turn can represent a single optical thin film thickness. The increase in
colors imaged increases the number of independent camera signals that can
represent one film thickness and increases the number of channels necessary
to perform the transformations needed for spectral estimation.
The last designed color target will represent a reflecting system that changes
color dynamically with time. In ophthalmology, it is difficult to assess the
effectiveness of pharmaceuticals and therapies used to heal dry eye in a
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human patient. Images of the surface of a healthy eye reveal faint reflected
colors that are caused by the tear film on the eye surface. With each blink,
a film of oil and water washes itself over the cornea. This film causes a
color pattern due to the interference from the oil and the water. Certain
colors indicate the overall health of the eye. A colorimetric target helps to
characterize the camera, but cannot be used efficiently to determine the tear
film thickness. It will be shown in this dissertation that a static color target
with patches designed to have the same spectral reflectance as actual tear
film thicknesses can be used to describe color changes experienced when
imaging human tear film in between eye blinks. The change in color can
be directly correlated back to a starting film thickness through the film’s
spectral reflectance profile. The static color target will be presented so that
pairs of color patches can be mapped to specific color changes that can be
expected with various film thicknesses over time. Again, the increase in
colors representing a single film thickness increases the number of camera
digital counts that can be used with the spectral estimation calculations.
1.2 Dissertation Structure
Chapter 2
This chapter is devoted to the background of this dissertation. There is
background about the use of a color target in imaging and how the tradi-
tional painted target has limited usefulness with magnified images. Basic
interference coating terms and calculations will also be reviewed as an aid
for understanding the designs discussed in future chapters.
Chapter 3
The validity of an interference coated color mirror on a microlens as a color
target for a microscopy system will be demonstrated in this chapter. Color
mirror, multilayer thin film recipes will be reviewed as well as the design that
is necessary to create a narrow-band, highly chromatic, wavelength-selective
mirror for an ideal target. This ideal target can be used for efficient spectral
estimation for micron-sized features with any object that is imaged under a
microscope.
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Chapter 4
A new technique to increase the number of camera channels for spectral
estimation is reviewed in this chapter. Traditionally, successive bandpass
filters have been used to increase the number of camera channels. A dual-
incident angle technique using the source was developed to increase the
number of RGB channels, and reconstruct the spectral reflectance resulting
from the interference of a thin film of silicon dioxide on a silicon substrate.
The thickness of the film can then be determined from the spectral reflectance
profile. The specific color target necessary to encompass silicon dioxide film
thicknesses up to 600nm is detailed here as well.
Chapter 5
For some existing microscopic imaging systems, one cannot add bandpass
filters or change the incident angles of the incoming light to increase the
number of camera channels necessary for spectral estimation. Another new
technique for such systems is reviewed in this chapter. The technique is
relevant for color systems that change dynamically over time. The example
used here is human tear film. Human tear film reflects a variety of colors on
the surface of the eye for every blink when the duct system is healthy. The
reflected color can be directly related to the spectral reflectance which, in
turn, can be used to determine tear film thickness. Most ophthalmic imaging
systems cannot be used with multiple bandpass filters or multiple incidence
angles, therefore limiting the ability to increase the camera channels neces-
sary for spectral reconstruction. As one blinks, the tear film spreads across the
cornea and dynamically changes in thickness and in reflected surface color.
Collecting multiple images of the tear film over time will be shown to be as
effective to increase the number of camera channels for use with spectral
estimation as the multiple filter and dual-angle method to reconstruct the
film’s spectral reflectance.
Chapter 6
The final conclusions for this research as well as future work will be reviewed
in this chapter.
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2Background
„Color is my day-long obsession, joy and
torment.
— Claude Monet
2.1 Traditional Use of a Color Target
Color targets are used in digital photography for two basic reasons, device
calibration and device characterization [Bala, 2003]. These processes can
ensure a device response is linear with respect to luminance in the detector
color channels (i.e. R, G, and B) or gray-balanced to guarantee that equal
amounts of the device color signals equate to a neutral gray. Such device
data can be used for detector signal comparison over time or between dif-
ferent cameras. The color target can be used to define the characteristic
color response of the imaging device, producing transforms for different
inputs to a device and outputs from a device. As input, the target helps
map device-independent color stimuli to device signals. As output, it helps
map device-dependent colors to device-independent coordinates (i.e. RGB
to XYZ) and allows the interpretation of known imaged colors to that of
imaged colors from an unknown source. A single color target can help assess
colorimetric similarities in images taken from different devices. An example
of the inconsistency of color rendering between different devices without
this assessment is shown in Figure 2.1. These four images are of a single
human retina. The color discrepancies might lead one to believe that these
are four different retinas being imaged. There is no way to compare the color
within these images without some kind of known color standard imaged for
comparison. Unfortunately for this specific application in ophthalmology,
there is no current color target to use for such a comparison.
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Fig. 2.1.: Single retina imaged by four different cameras, showing inconsistency in
color rendering [Sisson, 2013].
Color targets can also be used for spectral reconstruction or spectral recovery
of colors based on the output responses of a device. This spectral reconstruc-
tion of colors or “multi-spectral imaging" determines the spectral reflectance
across a broad wavelength region (such as the visible) from each pixel within
an image. This can be accomplished physically by capture systems that utilize
multiple bandpass filters on a filter wheel [Imai, 1998] or liquid crystal
tunable filters [Hensley and Wyble, 2012], with systems where a diffrac-
tion grating is used to overlay and stagger multiple images by color in one
shot [Feng et al., 2012], or a diffractive optical element (DOE) where mi-
crolenses create filtered subimages [Mathews, 2008; Leitner et al., 2012].
The sensors themselves can also incorporate DOE’s [Shogenji et al., 2004],
silicon nanowires [Park and Crozier, 2013], or even narrow bandpass filters
that divide up the visible spectrum into more channels than red, green, and
blue [Kong et al., 2010]. Color targets are used to baseline these devices so
the data collected can represent the color ground truth.
Spectral reconstruction can also be accomplished empirically using statistical
models tied to target-based training data. The empirical method can require
targets that contain many colors across a large color gamut, or some with
very specific spectral reflectance signatures representing a reduced number
of colors [Chou et al., 2013]. There are methods that utilize principal
component analysis (PCA), simple pseudo inverse transformations from
camera digital counts to spectral reflectance, or a combination of spectral
and colorimetric pseudo inverse transformations (matrix R) to map the colors
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from a target to a single pixel [Imai et al., 2000; Tzeng and Berns, 2005;
Zhao et al., 2005; Zhao and Berns, 2007; Agahian et al., 2008]. This
research will use the PCA method and compare the success of an interference
coating target to traditional targets reported in the literature.
2.2 The Importance of Color Identification in
Magnified Images
The best way to capture images of a certain magnification is through a
microscope. There are three basic ways to image an object using a microscope:
on-axis transmission, on-axis reflection, and off-axis reflection [Gross, 2005].
The on or off-axis refers to the location of the light source in these systems.
For transmission systems, the light source is set behind the sample and the
light is transmitted through the specimen. An on-axis reflection system has
the light in front of the sample, and the reflected light follows the same optical
path, only in the opposite direction, as the incoming light. This reflected light
is directed into the viewing objective by way of a beamsplitter. An off-axis
reflection system has the light located outside of the microscope viewing
lens optical path. Off-axis systems are ideal for imaging specimens that have
small surface structures or rough surfaces (e.g. painted surfaces [Easton
et al., 2003; Berns et al., 2009], and skin [Quintana et al., 2011]). Flat,
specular surfaces will not be imaged by these systems. This is why one cannot
see the cover slip over a specimen to be imaged; you can only image the dust
particles that may accumulate on that surface. Specularly reflected color can
only be viewed in a microscope if there is a smooth surface structure on the
specimen that directs the reflected light up into the viewing lens.
Color is used in microscopy to identify elements within an image. Color can
be due to a dye or natural colorants that is added to a specimen, pigments
used in a paint, or color that is produced from an optical phenomenon
(such as that seen in Figure 2.2 on the wing scales of the Morpho Butterfly).
Contrast in color can be an indicator to diagnose a specific medical condition
or a change in cell structure due to a drug being used. Reflected color can
also indicate thicknesses of certain structures. An example is interference
2.2 The Importance of Color Identification in Magnified Images 7
colors observed in human tear film. Human tear film reflected color is
created by the interaction of the oily lipid layer and the aqueous layers of
tears [Remeseiro et al., 2013; Korb, 2002; King-Smith et al., 2004; King-
Smith et al., 2006; Goto et al., 2003; Goto and Tseng, 2003; Fogt et al.,
1998; Calvo et al., 201; Braun, 2012] and is shown in Figure 5.3. The
color created by the interference is directly related to the physical thickness
of both the lipid and aqueous layers.
Fig. 2.2.: Image of the interference colors produced on the wing scales of a Morpho
Butterfly.
Fig. 2.3.: Image of the interference colors produced in tear film on the human eye
[Remeseiro et al., 2013].
The best way to qualify the color within a digital image requires use of a
known color calibration target. There is a spectral transmission color target
currently being used in the field of pathology. This color target is made
of small pieces of colored gel of known spectral transmittance and is used
to calibrate slide scanning systems [Yagi, 2011] in pathology labs across
the globe. They use spectral transmittance as the color standard between
image capture and display. These targets are fairly popular in pathology labs
for transparent specimens [Levenson and Farkas, 1997; Krupinski et al.,
2012; Levenson et al., 2012; Levenson et al., 2013; Pantanowitz, 2010].
However, these samples do not work for reflectance applications.
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The medical imaging community has a vested interest in determining the
color ground truth in a magnified image. In May 2013, the International Color
Consortium (ICC) in partnership with the US Food and Drug Administration
(FDA) offered a workshop where the topic of color in medical imaging
was discussed [Badano, 2013]. There were over 25 invited speakers that
presented topics about color in displays, printing, and color management
in medical fields such as pathology, ophthalmology, and dermoscopy. The
purpose of the workshop was to create a technical special interest group that
combined both those from the medical and color communities. A top focus
for this new ICC Medical Imaging Working Group is to “develop a calibration
system for digital microscopes " that reinforces the need for this proposed
research [Revie, 2013].
2.3 Spectral Reflectance Using Optical
Interference Coatings
Many of the properties relayed in this section can be found in any optical
interference coating textbook [Furman and Tikhonravov, 1992; Heavens,
1991; Macleod, 2010; Rancourt, 1996; Thelen, 1989]. The four topics
that need addressing when designing color mirrors using optical interference
coatings or optical thin films are reflectance amplitude, wavelength location
of reflectance peaks, spectral smoothness, and viewing angle sensitivity.
2.3.1 Building Blocks of Interference Coatings
Spectral reflectance from a thin dielectric film on a substrate occurs when
reflected light from the top and bottom interfaces of the film interfere (il-
lustrated in Figure 2.4). An interface is where the refractive index differs
between two mediums or film layers. The incident light reflects off of each
independent interface and each reflected beam experiences a shift in phase.
Depending on the phase shift, „, of each reflected beam, the beams can com-
bine completely due to constructive interference (where the phase difference,
 „, is a multiple of 2fi), null each other out completely due to destructive in-
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terference ( „ is an odd multiple of fi), or create an intermediate magnitude
between the two. The interference effect is based on the refractive indices of
the incident medium, no, the film, nf , and the substrate, ns, as well as the
thickness of the film, t.
Fig. 2.4.: Light reflecting off interface between no and nf , and nf and ns. Construc-
tive interference yields reflected light; destructive interference yields no
light.
A single layer of an optical thin film can be described in terms of its refractive
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This film matrix is referred to as the Characteristic Matrix. A single matrix
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where matrix M would be made up of an Equivalent Refractive Index, N, and











Being able to relate a series of thin films to a single matrix can be helpful to
understand the optical behavior of groups of layers within a large multilayer
system. Many visual graphing methods, such as Circle Diagrams [Apfel,
1972] (used in Chapter 3), were derived from this matrix calculation.
2.3.2 Single Layer Dielectric Films
When a homogeneous, low-dispersion, dielectric film is deposited onto a
homogeneous, low-disperson, dielectric substrate that has a higher refractive
index than the film (nsub > nfilm), there are a few rules regarding the behavior
of the reflectance versus wavelength:
1. The amplitude of reflectance maxima are based on the ratio of the film
and substrate’s refractive indices respectively, the higher the ratio, the
higher the maximum.
2. Reflectance minima are based solely on the Fresnel reflectance of a
single surface of the substrate.
3. The thicker the dielectric film, the more ripple (or multiple reflectance
maxima and minima) for a wavelength region where,
a) a minimum will fall where a wavelength is equal to
4nd
2m + 1 (2.5)
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where m is a positive integer, n is the refractive index of the film,
and d is the film physical thickness, and




Equation 2.5 was derived from Equation 2.2 where „1 was equal to a
multiple of fi/2. The optical thickness, nd, of the film layer will then
be equal to a multiple of a quarter of the wavelength of light. This
film optical thickness is referred to as a “quarterwave", and is a unit of
optical thickness in multilayer designs.
NOTE: if the substrate refractive index is less than the index of the film
(nsub < nfilm) then Equation 2.5 would represent a maximum reflectance
and 2.6 would represent a minimum. This is due to a 180¶ phase change
on reflection difference when the film has a higher refractive index than
the substrate.
4. There will be a thickness for the films above which the color reflected
will appear neutral; the thicker the films, the more high frequency
ripple/less spectral smoothness, and the less chromatic in color the
spectral reflectance will appear to an observer.
5. The higher the index difference between the index of the film and the
medium (air) the less the sensitivity to wavelength shift with increasing
viewing angle. This is evident from Equation 2.2. When the phase
value indicates maximum reflectance, and the incidence angle increases
for a film with a given index and a given thickness the wavelength
will decrease. The higher the index of refraction of a film the less the
wavelength will decrease.
This principle of repeating maximum and minimum reflectances as a single
dielectric film’s thickness increases will be useful for a simple varying color
mirror in Chapters 3 and 4.
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The highest refractive index that can be obtained by a dielectric film that has
no absorption in the visible is approximately 2.4 [Macleod, 2010b]. The
material with that high refractive index is titanium dioxide (TiO2) and the
index is very dependent on the deposition process and the starting material
used. The more popular materials used for substrates have refractive indices
similar to glass, n=1.52 [Macleod, 2010; Rancourt, 1996]. The angle shift
for a TiO2 film will be 20nm for viewing angles up to 40 degrees, as shown in
blue in Figure 2.5. Yttrium oxide (Y2O3) films have an index of approximately
1.8 in the visible, have a reflectance maximum of 13%, and will have a shift
of 44nm. Y2O3 on a 1.52 index substrate is also shown in Figure 2.5 in red.
The color difference,  E00, for the TiO2 from normal incidence to 40 degrees
is 5.4, where Y2O3 is 7.4 showing that the lower index film’s shift contributed
to a greater color difference.





































Fig. 2.5.: Reflectance of a single layer of TiO2 (blue) or Y2O3 (red) on a 1.52 index
substrate, at normal incidence (solid) and at 40 degrees (dashed).
Angle sensitivity, whether one is trying to minimize it (Chapter 3) or leverage
it (Chapter 4) is an important topic for optical coating design.
2.3.3 Multilayer Dielectric Films
Dielectric films can also be used in multilayers of periodic or semi-periodic
structures. These multilayer structures can produce wildly varying spectral
reflectance based on the number of materials used, their refractive indices,
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their optical thicknesses (nd), and the structure order in the design. Some
basic examples, as well as a specialized design, are shown in Figure 2.6.














































































































Fig. 2.6.: Multilayer dielectric films representing (a) a high reflector, (b) a bandpass
filter (c) a high-wavelength pass edge filter (d) a low-wavelength pass
edge filter (e) an antireflection coating (f) the Taj Mahal.
Designs using two materials, a low index (e.g. nL=1.45) and a high index
material (e.g. nH=2.4), can create a spectral reflectance to look like the
outline of the Taj Mahal [Verly, 1993] at viewing angles that are normal to
the surface. This ability to replicate any spectral profile is one of the strengths
of interference coating design with the assistance of computer optimization
[Baumeister, 1995; Dobrowolski, 1997; Tikhonravov, 1993; Verly et al.,
1997]. Another great attribute of coating designs is that they are scalable.
One can move a high-reflectance band to another wavelength by just scaling
the thicknesses of all of the layers in the design. If two-material designs
have a large index ratio then the design performance can be achieved with
fewer layers. However, as with the single dielectric layer designs, the spectral
reflectance will shift toward lower wavelengths at higher viewing angles. In
order to minimize this shift, a designer can choose two materials that have
indices for the L and H layers that are greater than 1.7 if the coatings are in air
[Kruschwitz, 2001]. The high index limit of TiO2 in the visible will limit the
index ratio, leading to designs that require more layers to accomplish similar
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performance compared to designs with a larger index ratio. Most deposition
systems can handle many layers, but the industry-preferred standard is “fewer
layers is easier and less expensive to manufacture".
Color mirrors have been designed where the perceived reflected color stays
color constant as the viewing angle increases [Hendrix et al., 2014]. These
designs have many layers, and can be thicker than 6µm. Three of these
designs where the reflected colors at higher incident angles are actually
metamers to those at normal incidence are shown in Figure 2.7. Each design’s
normal incidence reflectance is represented by the solid black line, and each
gray line represents a higher viewing angle (increasing every 10 degrees
up to 60 degrees). The coating total thickness is not the only concern with
these color constant designs; the ripple associated with such thick coatings
will cause measurement discrepancies depending on the wavelength step
associated with the measuring device (e.g. 1nm, 5nm, 10nm). A traditional
multilayer stack of dielectric materials limits the spectral smoothness if color
constancy versus angle is desired.
















































Fig. 2.7.: Three green mirror designs where solid black line represents normal
incidence. Gray lines represent increasing viewing every 10 degrees up to
60 degrees (dotted). Each design has a color difference ( E00) of zero for
all gray lines compared to the black line. Therefore, the colors reflected
at higher angles are perfect metamers to those at normal incidence.
2.3.4 Dielectric and Metal Multilayers
Several articles were written describing design methodologies for multilayers
that have very little to no reflectance wavelength shift with viewing angle
[Baumeister, 1961; Deopura et al., 2001; Popov et al., 1997]. The com-
mon theme in each of the articles was that one of the materials chosen for
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the multilayer had a high degree of absorption across the wavelength region
of use. Many semiconductor materials and metals also have high degrees
of absorption in the visible wavelength region. The author hypothesizes
that if one combines the high refractive index of TiO2 on top of a metal or
semiconductor film that the wavelength shift due to angle will decrease.
There is no rule or checklist to the behavior of a single dielectric film as
it increases in thickness on top of an opaque metal film. Typically when
a dielectric film is deposited over a metal film it is used as a barrier to
protect the metal from oxidation or to protect it from scratches. This type
of design is referred to as a protected metal mirror. The user does not want
any degradation to the reflectance of the metal, only protection of the metal
surface. The dielectric layer performs best optically if the optical thickness
(nd) is a quarter of the wavelength of light where you desire high reflectivity
and the film has a low refractive index, i.e. somewhere around n=1.45. So if
one wanted an aluminum film to have high reflectivity at 500nm and was
using a silicon dioxide (SiO2) dielectric film to protect the surface, where
n=1.45, the optimum SiO2 optical thickness would be 550nm4 or 137.5nm, or
a physical thickness of 94.82nm. The protected metal mirror would have
no ripple in reflectance because the dielectric layer is too thin. As one
increases the thickness of the dielectric layer on a metal layer, the maximum
and minimum reflectance are not as easy to predict in terms of amplitude.
However, the wavelength locations of each maximum and minimum still
follow the thickness rules of a single dielectric layer mentioned previously.
It has been noticed through observation that the amplitude location of the
maximum and minimum reflectance does tend to follow the slope of the
reflectance of the bare metal as is shown with a film of TiO2 of varying
thicknesses on top of a copper film in Figure 2.8.
There are other designs that utilize a metal layer immersed within a dielectric
layer where the metal layer is deposited only a few nanometers thick [Janicki
et al., 2011; Amotchkina et al., 2011]. The metals are so thin that instead
of being a continuous film, they are a conglomeration of little islands of
metal (referred to as metal aggregate layers, Metal Island Films or MIF’s)
and their optical properties change dramatically with the size and distance
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Fig. 2.8.: Spectral reflectances of copper metal (bare, blue) with various thicknesses
of TiO2 deposited on top (cyan, green, red).
between the islands. Many chromatic colors can be created by just changing
the thickness of the metal layer.
The most chromatic, or colorful, interference coating designs are referred to
as Metal-Dielectric-Metal (MDM) Mirrors [Phillips, 1990] and are currently
used in a paint form or a foil in anti-counterfeitting efforts on money [Do-
browolski et al., 1989]. These designs look similar to a capacitor, where
there is a dielectric layer sandwiched between two metal layers. The bottom
metal layer is a highly reflecting film, usually aluminum, and the top metal
layer is a low reflecting film, usually nickel, carbon, tungsten, or chrome
[Berning and Phillips, 1987]. The bottom layer is deposited to be opaque
and the top layer is deposited very thin so to be translucent. The dielectric
layer in between is what drives the reflected color. The reflectance peak
location of these designs is controlled by the optical thickness of the dielectric
layer. Once again, these designs are scalable. If one wants to move the
reflectance peak to a higher wavelength, they increase the optical thickness
of the dielectric layer. The relationship between wavelength location and
optical thickness is linear.
The angle sensitivity is driven by the dielectric layer’s refractive index. As
with the single layer of dielectric material and the dielectric material on a
metal surface, the higher the refractive index of that dielectric layer, the
less sensitive the color will be to viewing angle shift. For coatings used in
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anti-counterfeitting the dielectric layer is magnesium fluoride (MgF2) which
has a refractive index of 1.38 in the visible. The color change with a MgF2
layer is pretty dramatic, whereas with a TiO2 layer is negligible in comparison.
The color shift for both designs is shown as a reflectance shift in Figure 2.9.
These designs are simple, and give a high amount of reflectivity in a relatively
narrow band.
































Fig. 2.9.: Spectral reflectances Metal-Dielectric-Metal mirror with MgF2 (blue) or
TiO2 as the dielectric spacer (red) for normal incidence (solid) and 40
degree viewing angle (dashed).
Figure 2.10 also shows how one can tune the reflectance amplitude and
reflected color’s chroma by just adjusting the optical properties of any of the
three layers. The reflectivity can be scaled to fall in the ultraviolet as well
as the infrared, whatever wavelength region the dielectric spacer layer has
transmittance and the bottom metallic layer has reflectance.
If one was going to create a simple grid of colors they would only need to
change the thickness of the dielectric spacer layer by using a photolitho-
graphic technique or removing material in a grid pattern using ion-milling
or some other focused material removal process. The bottom and top metal
layers would stay the same thickness. There are also active techniques that
can change a single design to a grid of colors by using electrochromic layers
[Baloukas et al., 2013] and applying an array of voltages across the film, or
piezochromic layers [Arsonault et al., 2006] where an array of indentations
of different depths can alter the color.
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Fig. 2.10.: Spectral reflectances Metal-Dielectric-Metal mirror design. (Left) Angle
shift versus index of dielectric spacer. (Middle) Overall reflectivity versus
first layer reflectivity. (Right) Chroma versus refractive index/extinction
coefficient ratio of the top metal layer [Baloukas, 2012].
This section outlined some very simple design methods that can be used to
create and optimize reflected color using optical interference coatings. These
methods will be used to create chromatic color mirrors or to mimic spectral
reflectance curves of objects to be imaged. The basic understanding of
interference coating design will provide the backbone for creating specialized
targets for three separate applications.
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3The Ideal Color Target
„Between two evils, I always pick the one I
never tried before.
— Mae West
What is an ideal color target in imaging? For most, it would be a target made
up of several color patches that would represent the color gamut of all of the
possible object colors that could be captured in an image. Color targets are
used to understand the color ground truth of an image. This is especially
important if one wants to communicate the true image color on a display or
in a printed document.
Multispectral imaging, where spectral reflectance reconstruction of imaged
object colors is necessary, has different requirements for an ideal color target.
In transmission, an ideal would represent narrow bandpass filters with high
transmission peaks and sharp band edge slopes, similar to a "Block Dye"
[MacAdam, 1935a; MacAdam, 1935b]. These bandpass filters are optical
interference coatings. Each individual color patch would be a bandpass
filter centered at different, evenly spaced wavelengths across the visible
spectrum. The information captured from these color patches can be used in
statistical training methods to determine the spectral transmission of other
imaged objects [Ribes et al, 2008; Ribes and Schmitt, 2008]. We need
a target for reflected colors, and there are currently no color targets that
mimic that specific spectral shape of a bandpass filter in reflectance. This
chapter is dedicated to designing such a target out of optical interference
coatings, specifically for magnified images captured in reflectance from a
microscope.
The first challenge is to be able to image color from any interference coated
target into a microscope. Once the target can produce color in a microscopic
image, then specific designs that have narrow-band, high reflectance will
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be created. Lastly, the ideal design will to be validated in a virtual camera
system.
3.1 Color in the Specular Highlight
In macroscopic imaging, painted color targets are often used to calibrate
and characterize cameras, scanners, and printers. For image capture under
magnification, such as with a loupe or a microscope, determining the color
ground truth becomes more challenging. An interference coated, color
mirror target is more advantageous to use under magnification compared
to a traditional painted target. Photolithographic techniques can be used
to create small, and very advanced color mirror arrays so that many colors
can be captured in a single image, no matter the magnification. The small
arrays will have a similar reflected spectral performance when compared
to a larger sample from the same fabrication cycle [Sedgewick, 2014].
Photolithography is not compatible with paint. Paint consists of many sized
particles that do not create homogeneous color under magnification and
can cause shadowing or contamination that changes the color in localized
regions. Color mirrors are fabricated under vacuum on smooth, specular
surfaces reducing the probability of particulate contamination. The mirror’s
specular surface allows one to image their colors with only a small fraction
of the light necessary compared to painted samples, allowing for shorter
exposure times. Paint is susceptible to environmental conditions and will
fade over time; color mirrors do not fade. Interference coating designs can
create spectral reflectance profiles of any shape imaginable for not only
the visible wavelength region, but also the ultraviolet and infrared regions,
allowing one target to be used with a variety of camera sensors. They can
also be used to create highly chromatic color mirrors. This ability expands
the color gamut of a target, which is useful when imaging objects such as
bird feathers or butterfly wings. Lastly, they can be used to create an ideal
training target for spectral reflectance reconstruction in multispectral imaging
applications reducing the sample number significantly from those using paint
[Tsumura et al., 1999]. One issue with these color mirrors is their sensitivity
to increasing incidence angle. The spectral reflectance will shift to shorter
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wavelengths at higher incidence angles. Another issue with color mirrors
is that the medium where they perform best is on a smooth substrate. A
flat, smooth surface will not reflect color in microscopy systems that use an
off-axis light source. The ability to both minimize the angle sensitivity and
channel the reflected light up into the microscope from a color mirror will be
shown to be the first step in creating an ideal color target.
For transmission microscopy, an array of colored gels or interference bandpass
filters has been used successfully as color targets [Sedgewick, 2014; Yagi,
2011]. These filters are not as convenient to use in an off-axis reflection
system because they are flat and specular, and these microscopy systems
are typically used to image diffuse reflected color. Light sources that are
placed at 45¶ incident to a flat, specular sample will have their light reflect
off the surface at 45¶, never entering the microscope lens. The key to
capturing specular reflected light is to create a surface structure similar to a
convex mirror that will reflect the incident light up into the microscope. The
configuration described is shown in Figure 3.1. Here, convex microlenses
reflect the specular light up into the microscope and are imaged as a specular
highlight off of the individual microlenses.
Fig. 3.1.: Specular reflected light from a flat surface (left) does not reach the
microscope when illuminated at 45¶. Specular light can be reflected up
into the microscope if the incident plus reflected angles total 45¶. This
can only happen if the sample contains convex lenses (right).
In photography, a specular highlight can give an indication of the gloss
associated with an object. It can also indicate the direction and color of the
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incident light source. In many imaging techniques it may be required to clip
the highlight to increase the contrast of the image. Specular highlights from
shiny color mirrors are not solely the color of the incident illumination. It
is the combination of the spectral power distribution of the source and the
spectral reflection of the color mirror. Examples of the color of both types
of specular highlights are shown in Figure 3.2. The gum balls in Figure
3.2(a) are glossy, and regardless of the color of the candy shell, the color
of the highlight is white. Christmas ornaments, such as those pictured in
Figure 3.2(b), have a metallic color (either by metallic paint or powder
coating). The highlights created on the surface of these color mirrors are not
white unless the color of the mirror is silver; they represent the color of the
light source and the spectral reflectance of the surface of the color mirror
combined. Optical interference coatings give more color combinations than
can be produced by any other metallic coloring process, and the reflectance
profiles can be tuned for very specific applications.
(a) (b)
Fig. 3.2.: Specular highlights off of (a) glossy gum balls, and (b) metallic Christmas
ornaments. The color of the specular highlight for the gum balls will be
the same color as the source but for the Christmas ornaments, the color
will be the combination of the spectral power distribution of the source
and the reflected color of the metallic surface.
For our use of the specular highlight, it is important to prevent highlight
clipping when capturing it in an image. The shapes of the specular highlights
will depend on the surface structure of the illuminated microlens arrays. The
brightest area of the highlight will occur in one section of the microlens
image and then the highlight will fall off depending on the shape of the lens
and the distribution of light from the source. A typical microscope image for
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the highlight created by cylindrical microlenses illuminated by a 45¶ incident
fiber-optic source is illustrated in Figure 3.3.
Fig. 3.3.: The light source and microlens set-up, and microscope reflected image.
Color mirrors created by optical interference coatings have the same specular
behavior as their bandpass filter counterparts referenced previously. Their
color is not created by a combination of absorption and scatter, as with paint,
but by interference of multiple layers of thin films. There are many different
interference coating design recipes that can be used when developing a color
mirror: some that are all dielectric in nature, others that incorporate metal
layers.
The designs used for these color mirror targets are similar to some used for
anti-counterfeiting effect pigments [Kruschwitz and Berns, 2014; Coombs
and Phillips, 1994; Phillips 1990; Phillips et al., 1994; Phillips and
Bleikolm, 1996; Coombs and Phillips, 1998; Baloukas, 2102]. There
are design techniques that were utilized to minimize the angular sensitivities
of interference coatings [Kruschwitz, 2001]. The most simple principles for
reduced angle sensitivity in designs is to keep whatever dielectric materials
used to a minimum optical thickness, and keep their refractive index as high
as possible. The equation for optical thickness is shown in Equation 3.1,
where n⁄ is the refractive index of the dielectric film at a given wavelength,
⁄, and d is the physical thickness. Large optical thickness and low index of
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refraction of a dielectric film layer are directly proportional to large angle
sensitivity in optical interference coatings.
Optical Thickness = n⁄d (3.1)
Sixteen color mirror designs were fabricated on a series of plastic microlens
samples. These mirrors were designed to have no more than three film
layers to save on production costs but still have reflected spectral shapes
that covered different regions in the visible spectrum. Each color mirror was
created by depositing either a single layer of titanium dioxide (TiO2) directly
on the plastic, a protective layer of silicon dioxide (SiO2) on aluminum
(Al), or a three layer system of metal-dielectric-metal (opaque Al, TiO2, and
a thin, translucent layer of Inconel metal). The protective layer of SiO2
produced reflectance similar to that of a bare metal surface. In both the
single layer of TiO2 and the three layer designs, the optical thickness of
the TiO2 determines the color reflected. The spectral reflectance profiles
are shown in the Appendix A and the individual layer physical thicknesses
for each sample are listed in Table 3.1 and their CIELAB color gamut (D65
illuminant, 2¶ observer) compared to that with paint are shown in Figure
3.4.
Fig. 3.4.: CIELAB plot of paint reflected color gamut versus reflected color of the
color mirrors (yellow circle) in Table 3.2 using a D65 illuminant and 2¶
observer. Outer circle represents a Chroma = 120.
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Tab. 3.1.: Coating Matrix. Film physical thickness in nanometers.
Part # Al SiO2 TiO2 Inconel Color Reflectance Image

































































































































































































































































































































































A microspectrophotometer (MS) was constructed using a manual compound
microscope, a Liquid Crystal Tunable Filter (LCTF), and a monochrome
camera. The camera assembly was coupled into the right eyepiece opening
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of the microscope. The specific equipment used were a Leica GZ7 stereo
microscope, a CRI Varispec LCTF, a Lumenera LW165m, 1.4 megapixel
monochrome camera, and an AmScope SLR/DSLR Camera Adaptor Lens
NDPL-1(2X). An incandescent, fiber-optic gooseneck source was set at 45¶
incidence to the sample. The fiber bundle was 6mm in diameter and located
5cm from the center of the sample. The magnification range that was
achieved for this system was 2X-14X. All of the spectral images captured
were at the highest magnification of 14X. The LCTF was tuned to 27 centroid
wavelengths from 440nm to 700nm in an average of 10nm increments. The
normalized transmittance of each centroid are shown in Figure 3.5. The
incident light on the microlens arrays was extrapolated using OptiLayer
Professional [Tikhonravov and Trubetskov, 2014] optical coating design
software to be in the range of 20¶- 60¶. OptiLayer has the ability to model top
surface reflectance of an optical coating design, at a specific incident angle
with an incoming cone of light.




























Fig. 3.5.: Spectral transmittance of the 27 centroid wavelengths of the LCTF.
The lens used to couple the camera assembly to the microscope eyepiece
contributed to a significant amount of chromatic aberration along the outside
edges of the imaging field. This lens was not specifically designed for the
focal distance required for the LCTF/camera. Therefore, an image location
where the chromatic aberration was at a minimum had to be determined
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before any imaging of the color mirrors took place. This "sweet spot" was
used to compare all of the images taken using the MS.
The specular highlight samples do not create a uniformly distributed field, so
flat-fielding has to rely on a uniform diffuse surface. This was achieved by
using a white tile, such as one that is used to calibrate a spectrophotometer.
The final tile image was the average of five separate image locations on the
tile, to reduce the surface defects/features across the image. There were two
separate exposure times taken, one for the white sample, and one for the Al
metal color mirror (and the subsequent color mirrors). The Al represents
a white metal; it would represent the "white" for the specular highlights.
In order to prevent clipping of the specular highlights, one had to have a
separate, shorter exposure time (only 6% of the time for the white tile).
The white tile image was then used to flat-field and white balance all of
the images. The difference for this example is that the flat-fielded, white
balanced digital counts for the Al mirror were normalized to 0.8784 across
the 27 channels, to match a spectrophotometer measurement of the specular
reflected light from a flat glass sample with the same metal coating (see
reflectance of sample 5 in Appendix A). Whatever normalization used for the
Al mirror was subsequently used for all of the other color mirrors.
The cost to create one sample with an array of color mirrored microlenses
was cost prohibitive, so each design was deposited on a separate plastic
substrate. Aligning the samples rotationally such that the specular highlight
was at its maximum for each sample was a difficult process and not amenable
to calibrating by eye. The aluminum sample (after white balancing) was
used as the baseline. The ratio of the summed image pixels using the 700nm
bandpass, for the aluminum sample and each color mirror was compared
to the theoretical ratio of spectral reflectance at 700nm to determine if the
color mirror was aligned properly.
Once microlens alignment, flat-fielding, dark current correction, and white
balance were complete, the pixels from the color mirrors were ranked based
on intensity, and the top 20 pixels were averaged. This was performed
because of the fall off for each specular highlight and the limited number of
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‘sweet spot’ image pixels. These averaged pixels represent the reflected color
of the specular highlight.
A 1nm bandwidth, dual-beam Perkin-Elmer Lambda 950 spectrophotometer
was used to measure the specular reflectance of the flat glass samples with the
same optical coating at 20¶ incidence. These measurements were compared
to the designs using OptiLayer Professional [Tikhonravov and Trubetskov,
2014] design software for a single incidence angle and then extrapolated for
the cone angle associated with the light source of the MS. These extrapolated
data were reconvolved to match the bandwidth of each centroid wavelength
of the LCTF.
Eight GretagMacbeth NetProfiler STF109 Color Tiles were imaged using the
MS for comparison. Each tile image was an average of five image locations
on the color tile, as with the white tile. The tiles were also measured using a
GretagMacbeth Eye-One Spectrophotometer for spectral reflectance, and its
10nm bandwidth deconvoled to 1nm and reconvolved to match each centroid
wavelength of the LCTF.
The root-mean-squared (RMS) difference of the spectral reflectance measured
from the MS and the Eye-One or the OptiLayer theoretical reflectance was
calculated using Equation 3.2 where Rms is the MS measured reflectance and











(Rms,⁄,j ≠ Rt,⁄,j)2 (3.2)
3.1.2 Results and Discussion for Capturing Color in a
Specular Highlight
The RMS data for each color mirror and each color tile are shown in Figure
3.6. The MS measured spectral reflectance of four of the eight color tiles
versus the Eye-One measurements in Figure 3.7 and the entire data set are
shown in the Appendix A. The measured spectral reflectance of four of the






























Fig. 3.6.: RMS comparison for the Color Mirrors and the Color Tiles from spectral
reflectance data shown in Figures 3.7 and 3.8.
16 color mirrors’ specular highlights versus their theoretical reflectances
are shown in Figure 3.8 and the entire data set are shown in the Appendix
A. It is encouraging that the average RMS data for the color mirrors is
only twice that of the tiles seeing that the amount of averaged pixel data
used to create the reflectance curves were different by several orders of
magnitude. It is also encouraging that even with the chromatic aberrations
of the microscope and camera, and the need for individual sample alignment
that the spectral reflectance profile of each of the color mirrors is very close
to the theoretical.
If we examine some of the wavelength regions where there were discrepancies
between the measured and theoretical data we see the most difference for
the 450nm - 500nm and the 600nm - 700nm wavelength regions. The
reduced reflectance that appears in the 450nm - 500nm region for some of
the samples may be attributed to noise created by the low light available from
the incandescent source in combination with the low transmittance of the
LCTF and low quantum efficiency of the sensor in the blue. The chromatic
aberration is also severe for the blue and red bandpass regions. Even with
a sweet spot identified within the image, there is still the potential that
the aberrations blur the highlights, decreasing the amount of light in the
maximum pixels used in the average for the shorter and longer wavelength
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Tile 1 Tile 2
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Fig. 3.7.: Reflectance factor comparison for four of the eight color tile samples be-
tween the Eye-One (solid blue) and MS (dashed red), both with matching
bandwidth. A complete data comparison can be found in Appendix A.
Sample 2 Sample 5
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Fig. 3.8.: Reflectance Factor comparison for four of the 16 color mirror samples
between the theoretical (solid blue) and MS (dashed red), both with
matching bandwidth. A complete data comparison can be found in
Appendix A.
regions. These differences for the tiles are less severe because so many more
pixels were averaged within those images.
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3.2 Creating "Block Dye" Style Mirrors with
Metal-Dielectric Designs
Now that we have validation on the ability to gather spectral reflectance
information from a color mirror’s specular highlight, the next step is to create
a mirror with a reflectance profile that has high reflectance features in a
narrow band, and low reflectance in the surrounding wavelengths, similar to
what is referred to in Color Science as the shape of a "Block Dye".
A traditional, narrow-band bandpass filter has high transmittance and steep
band edge slopes. These designs are made up of more than 30 dielectric
multilayers. The more narrow the bandpass, the greater the number of layers
in the design. In reflectance space, the shape that is most similar to that of
the bandpass is referred to as a notch mirror. A notch mirror has narrowband
high reflectance and steep band edge slopes. A comparison of filter and
mirror are shown in Figure 3.9. There are two major issues with an all
dielectric design. The first is that both designs can only be fabricated with
more than 30 layers which increases the likelihood of fabrication error. These
errors can include but are not limited to missing the central wavelength
and reduced transmission due to increased reflected ripple. The second is
that all dielectric systems tend to be more sensitive to color shift to shorter
wavelengths with increasing incident angle.
Other design options for color mirrors include metal layers. This next section
will describe how a notch or Block Dye design for a mirror is created when
one combines both metal and dielectric materials in a multilayer thin film
system.
3.2.1 Metal-dielectric Designs
Metal-dielectric (MD) optical coating designs are used for a variety of appli-
cations. A simple system would be a protected or enhanced metal mirror,
such as aluminum, where the dielectric layer(s) would be used to protect the
soft metal surface or enhance its reflectivity in a given wavelength region
































Fig. 3.9.: Spectral reflectance for a traditional all dielectric notch, or Block Dye
mirror (left). Spectral transmittance profiles for a traditional bandpass
filter (right). Dashed lines indicate visible wavelength region from 380 -
780nm.
(Figure 3.10). MD filters can be created on glass as cut-off filters separating
the visible and infrared wavelength regions [Ma et. al, 2011; Dobrowolski
et al., 1995]. They can also work similar to an etalon, providing a narrow
band of low transmittance for applications where large amounts of light
need to be reduced, such as welding [Dobrowolski et al., 1995]. MD de-
signs deposited on an absorbing or high reflecting material can be used as
selective absorbers where there are multiple narrow band regions of high
reflectance and all other wavelengths are absorbed [Hadley and Dennison,
1947; Baumeister, 2004]. Optically variable coating foils or pigments using
MD layers can create chromatic color filters [Coombs and Phillips, 1994] or
mirrors [Phillips, 1990; Phillips et al., 1994; Phillips and Bleikolm, 1996;
Coombs and Phillips, 1998] for disciplines such as anti-counterfeiting that
leverage large color shifts with changing viewing angle. An example of a
typical three-layer color mirror and eight-layer suppressed ripple designs
used in anti-counterfeiting are shown in Figure 3.10. None of these design
examples, however, resemble the Block Dye profile.
MD mirrors have the ability to maintain similar reflectance spectral profiles for
both p and s polarizations over large incidence angle ranges. The traditional
designs do not have the high, square stopband widths necessary to be useful
in applications such as display or as an ideal color for our use in a target.
Here we will investigate a higher intensity, and square-shaped band MD
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Fig. 3.10.: Spectral reflectance of three examples of Metal-Dielectric designs: an
enhanced aluminum mirror, a three-layer magenta color mirror, and an
eight-layer suppressed ripple, red mirror. None of these design examples
resemble the Block Dye profile.
design format, shown in Figure 3.11, which would provide many benefits for
our ideal Block Dye color mirror.
Fig. 3.11.: Design layout of metal layers (M1, M2, M3) and dielectric layers.
The original color mirrors used for anti-counterfeiting were comprised of two
metal layers surrounding a dielectric spacer producing multiple, narrow band
reflecting regions [Phillips, 1990]. The base metal layer determines the
reflectance intensity, the index of the dielectric layer determines the amount
of color shift, and the top translucent metal layer controls the chroma of the
mirror [Phillips et al., 1994; Baloukas, 2012]. As the development of these
color mirrors matured, single reflection bands were isolated by suppressing
surrounding bands simply by adding an additional dielectric-metal layer pair
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[Phillips and Bleikolm; 1996, Coombs and Phillips, 1998]. These mirrors
either reflect or absorb light due to the opaque metal base.
Polarization and Angle Sensitivity
Highly reflecting metal layers do not exhibit a significant difference between
reflectance for p and s polarization at oblique incidence. As a metal or
absorbing material’s surface reflectance at normal incidence decreases, the
differences between the polarizations at oblique incidence will increase. The
differences are most pronounced for dielectric materials, especially those
with lower refractive indices [Costich, 1970]. The differences are shown in
Figure 3.12 for seven different substrate materials for angles of incidence
between 0o and 90o. High reflecting metals such as silver (Ag) or aluminum
(Al) have very high ratios of Rp to Rs over much of the range of angles shown
in the figure below.





























Fig. 3.12.: Ratio of Rp to Rs versus angle of incidence for absorbing and non-
absorbing materials. Index of refraction of material (⁄=550nm) is
indicated in legend.
A lower reflecting metal, nickel (Ni), and a semiconductor, germanium
(Ge), show signs of larger differences at lower incidence angles. However,
the dielectric materials, TiO2, Al2O3, and SiO2 show the largest difference
between Rs and Rp. Therefore, if high and lower reflecting metals are
incorporated into a multilayer design as the substrate and as thin layers,
the polarization of the overall system will be relatively unaffected by angle
changes. An example of how the metals and high index dielectric materials
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Fig. 3.13.: Reflectance of a 16 layer metal-dielectric blue mirror at 20¶ for both
S-polarized and P-polarized light. The metal-dielectric (Al, Ni, TiO2,
Al2O3) design helps maintain similar reflectance profiles as the incident
angle increases. Detailed design given in Table 3.2.
Tab. 3.2.: 16 layer blue mirror on aluminum (nSubstrate=0.912-i6.55) from Figure
3.13, where nT iO2=2.3, nAl2O3=1.65, and nNi=1.75-i3.19 (⁄=550nm).





1 195.8 T iO2
2 15.5 Ni (M2)
3 43.9 Al2O3
4 77.5 T iO2
5 25.3 Al2O3
6 68.3 T iO2
7 10.5 Ni (M3)
8 33.7 Al2O3
9 51.9 T iO2
10 62.9 Al2O3
11 55.4 T iO2
12 65.9 Al2O3
13 48.2 T iO2
14 59.4 Al2O3
15 51.2 T iO2
16 123.8 Al2O3
reduce polarization differences is shown in a 16 layer blue mirror design in
Figure 3.13. The design is given in Table 3.2. The spectral reflectance of
the blue mirror for both s and p polarized light at 20¶ incidence are nearly
identical. Polarization insensitive designs will help to maintain a consistent
3.2 Creating "Block Dye" Style Mirrors with Metal-Dielectric Designs 37
reflectance profile when incoherent light (which has random polarization) is
used at high incident angles.
The stopband width for the design format shown in Figure 3.11 will be wider
than a stopband created by an all dielectric stack. The added width is due to
the use of the thin metal layers. Color-shift versus angle is determined by the
choice of the dielectric materials as spacers and in the high reflecting stack
[Costich, 1970; Kruschwitz, 2001].
For our application, we require color mirrors that do not shift significantly
with incidence angle. It is not possible to prevent an angular color-shift,
but it is possible to minimize that shift. When a dielectric pair of high and
low refractive index are being considered, a very low index material, such
as SiO2 or MgF2 (nSiO2=1.45 and nMgF2=1.38), should not be included.
Materials such as Al2O3 (nA=1.65), or Y2O3 (nY =1.8) are better choices for
the lower index material. Eliminating very low index materials from the
design will minimize the angular color-shift [Kruschwitz, 2001]. The high
index material of the pair needs to have the highest refractive index available
for the deposition process to be used, such as TiO2 or Nb2O3.
Peak suppression
Reflectance bands in unwanted wavelength regions can be suppressed by
creating matching layers with metal-dielectric pairs. The thin metal layers
that top the dielectric spacer layers are necessary to reduce the reflectance
to near zero for wavelengths outside of the reflectance stopband. Circle
diagrams [Apfel, 1972] are used to plot the complex amplitude reflectance,
Re(fl) vs. Im(fl), of film layers and are useful to show the behavior of the
metal layers graphically. Reflectance, R, is calculated by:
R = flflú (3.3)
The amplitude vector, fl, will always be contained within a unit circle. The
outside of the circle, where fl is close to one, represents high reflectance for
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a design. The center of the circle indicated by a “+", where fl equals zero,
represents low reflectance. The goal in a Block Dye design is to locate fl on
the outside of the circle for wavelengths of high reflectance, and near the
center for all other wavelengths.
The amplitude vector behaves very differently in a circle diagram for dielectric
materials then for films with absorption, like metals and semiconductors.
The characteristic matrix [Macleod, 2010] from Equations 3.4 and 3.5 were
used to solve for the admittance,  , of the film using the phase thickness, „,
the refractive index of the substrate, ns, and either the refractive index of the
dielectric film, nf , or the complex refractive index of the metal film, ÷. The
amplitude reflectance can then be calculated using Equation 3.6. In a circle
diagram representing a dielectric layer, the starting point would represent
the Fresnel amplitude reflectance of the substrate, and plot fl following the
circle clockwise until the optical thickness of the layer is met. For a metal
layer, the amplitude vector rotates counterclockwise from the edge of the















































where,   = C
B
(3.5)
fl = 1 ≠  1 +   (3.6)
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Fig. 3.14.: Circle diagrams for (a) Al (nAl=0.912-i6.55), (b) Ni (nNi=1.75-i3.19),
(c) TiO2 (nT =2.3), and (d) Al2O3 (nA=1.65). Indices used for
⁄=550nm. When the base layer is highly reflecting, the metal lay-
ers can work both to maintain the high reflectance for some wavelengths
(outside perimeter of circle) and low reflectance (near the origin, +) for
others. Dielectric layers alone cannot steer the reflectance to the center
of the diagram over broad wavelength regions [Apfel, 1972].
Circle diagrams for a high reflecting metal (Al), a low reflecting metal (Ni),
and two dielectric materials (TiO2 and Al2O3) are shown in Figure 3.14. A
high reflecting metal as the substrate in a design would require one to start
the graphic procedure near the outside edge of the circle. It can be seen
that only the metal materials have the ability as single layers to drive the
amplitude reflectance through or near the origin when the starting amplitude
reflectance is on the outside edges of the circle. A similar effect can be
produced by using thin layers of semiconductor materials that have high
absorption in the visible wavelength region, such as Ge or Si. Starting on
the outside of the circle with a dielectric layer doesn’t provide any way to
reach the center. A graphical example of how the two absorbing metal layers
work to reduce reflectance outside of the high reflectance band is shown in
Figure 3.15. The design amplitude reflectance at 450nm is represented by
Figure 3.15a, which for a blue mirror would be a wavelength region of high
reflectance, and fl should be plotted ending on the outside edges of the circle
(black dot). The design amplitude reflectance at 650nm is represented by the
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Figure 3.15b, where fl is plotted near the center of the circle, only reaching
that point because of the two nickel layers (the thick solid and dashed lines)
keeping the amplitude vector (black dot) near the center (+).













Fig. 3.15.: Circle diagrams representing a 16 layer blue mirror design (Figure 3.13)
on aluminum using TiO2 (nT =2.3) and Al2O3 (nA=1.65) for dielectric
materials, and nickel (nN =1.75-i3.19) for the metal layers (⁄=550nm).
(a) Circle at 450nm where there is high blue reflectance. (b) Circle at
650nm where there is low reflectance. Star represents starting position
and black dot represents the ending position in the circle diagrams.
Thick dashed and solid lines represent the nickel layers in the design.
Aggregate metal layers
One of the most important aspects of MD designs to consider is the repeatable
fabrication of the thin metal layers. If a thin metal layer is on the order of
10nm the bulk properties of the metal should not be used in the starting
design. Metal films grow as islands of material until they reach a critical
thickness. While in the island form the metal films are aggregated [Sennet
and Scott, 1950; Baumeister, 2004] where their optical properties can be
significantly different from bulk properties. If the metal film layers to be
considered fall into the aggregate thickness range, the optical properties need
to be evaluated with thickness and also for repeatability in manufacture.
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3.2.2 Adapting Design to "Block Dye" Style
The layout for the design shown in Figure 3.11 was the starting point for
the Block Dye design. TiO2 (T) and Y2O3 (Y) were chosen as the dielectric
layers due to their high refractive indices. Aluminum was chosen for the base
and the thin metal layers were nickel. It was determined that in order to
create the high reflectance, a dielectric stack of 14 layers (seven TY pairs)
was needed. The format of the design was as follows:
Glass substrate | Al | T | Ni | Y | Ni | (T Y)7 | Air (3.7)
totaling 18 layers on opaque aluminum. Reflectance targets with the Block
Dye profile were created for each centroid wavelength, and the thicknesses
of each layer were optimized using OptiLayer’s Newton Method Algorithm.
This design method was used to create 10 Block Dye style designs. The
designs spectral reflectance profiles are plotted in Figure 3.16 and the formal
designs (materials used, material optical properties, layer thicknesses, etc.)
can be found in Appendix B.
The CIELAB color coordinates using a D65 illuminant and a 2¶ observer are
plotted in Figure 3.17 overlapping a CIELAB color gamut of paint colors. One
can see from Figure 3.17 that this target design far extends the colorimetric
color gamut than one that can be created by using paints. The color gamut
has been dramatically expanded for green, blue, and violet hues. The spectral
reflectance of red, orange, and yellow paints have sharp spectral reflectance
transitions, reflecting from near zero to ninety percent within a wavelength
range of approximately 20nm. These sharp transitions from low to high
reflectance translate to high chroma for these colors. Blue, green, and violet
paints and inks do not produce these sharp spectral reflectance transitions
and at their most chromatic only have spectral reflectances up to fifty percent.
The ideal colors provide that sharp reflectance transition, creating reflectance
changes from zero to well over ninety percent within a small wavelength
range to increase the chroma. However, the reflectance slopes in these
transition regions are steeper for the red, yellow, and orange paints than the
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designed ideal colors, therefore giving those paint colors a slightly higher
chroma.















Fig. 3.16.: Spectral reflectance profiles from 10 "Block Dye" designs [Kruschwitz
and Berns, 2014]. Each reflectance profile is an integrated reflectance
curve for one specific design integrated over the incident angle range of
20¶ to 60¶.
Fig. 3.17.: CIELAB plot of paint reflected color gamut versus reflected color of
ideal target (o) using a D65 illuminant and a 2¶ observer. Outer circle
represents a Chroma = 120.
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Fig. 3.18.: Measured, normalized spectral sensitivities of a Canon Rebel Tsi Camera
through a yellow/IR filter and a cyan/IR filter, increasing the number of
channels from three to six.
3.3 Using the Ideal Target
A virtual camera was created using the measured camera sensitivities of
a Canon EOS Rebel T2i without an IR filter in combination with a 3mm
thick Schott BG39 cyan or a 1mm thick Schott GG475 yellow filter. The
transmission from each filter, F⁄, was combined with the transmission of
an IR filter, I⁄ to prevent near IR sensitivity of the silicon detector from
contributing to the measurement. The combined spectral sensitivity, S⁄, of
the camera is given by:
S⁄,i = F⁄ · I⁄ · C⁄,i (3.8)
Each filter was used with a separate image. The dual-filter series of images
increased the number of camera channels from three to six [Berns et al.,
2005]. The normalized spectral sensitivities of each channel, S⁄, are plotted
in Figure 3.18. Reflectance, R⁄, from each of the ten block dye color mirrors,
along with a bare plastic sample (5% reflectance, a dark gray sample), and
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an aluminized sample (92% reflectance, the white sample) were used in the




(R⁄ · L⁄ · S⁄,i) + ÷i (3.9)
where L⁄ is the spectral power distribution of the light source and ÷i is an
added noise term.
The noise that could be experienced in a camera system such as this could be
quantization noise from the sensor or possibly random noise in the acquisition
system [Hardeberg, 2001a]. Since this virtual imaging system represents
a high quality camera, and there are only two images necessary for each
calculation, the acquisition noise would be very small. The quantization
noise would also be small compared to the specular signal from the color
mirrors, therefore the noise term can be set to zero. Removal of the noise
term simplifies the model.
Digital white balance is performed by dividing the digital counts from Equa-
tion 3.9 by the the digital counts from the reflectance of the white aluminum
sample, W⁄, times the average reflectance of the white sample (e.g. 0.92):
DW B,i =
Diq780
⁄=380(W⁄ · L⁄ · S⁄,i)
· 0.92 (3.10)
A Principal Component Analysis (PCA) transformation method [Ribes and
Schmitt, 2008] is used to determine six eigenvectors, e⁄,i (Figure 3.19).
Digital counts (rgb) calculated using the virtual camera were used with the
calculated eigenvectors, the 6x6 matrix M (Equation 3.12) in Equation 3.11
to calculate the measured spectral reflectances. (V̄⁄ is the mean reflectance
of the targets.)
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Fig. 3.19.: Eigenvectors used to calculate spectral reflectance for 12 Block dye
mirrors and 24 ColorChecker patches.





rc,1 · · · rc,12
gc,1 · · · gc,12
bc,1 · · · bc,12
ry,1 · · · ry,12
gy,1 · · · gy,12




















1.47 3.32 -2.29 4.87 -6.37 0.88
-1.26 -4.41 -0.19 -0.51 2.37 -0.06
-2.87 3.96 7.67 5.98 -4.27 -7.12
1.77 1.51 5.25 1.10 -1.10 -8.77
-6.94 10.85 3.51 6.70 -4.25 -9.65




Using the transformation, the original block designs were characterized by
their digital counts and the results for spectral reconstruction of four of the 12
color mirrors is shown in Figure 3.20. If the digital counts of a ColorChecker
Classic are used with the transformation the resultant spectral reconstruction
is shown in Figure 3.21. All of the fitting results for both the block colors
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Fig. 3.20.: Theory (black) versus simulated (dashed red) for two Block color patches
and the white and dark grey mirrors. All of the fitting results can be
found in Appendix C.
and the ColorChecker can be found in Appendix C. The Block Dye 12 color
mirrors performed exceptionally well compared to the 14 color EXP target
[Mohammadi et al., 2005] in terms of color difference for the ColorChecker.
The mean DE00 for the Block Dye color mirrors was calculated to be 1.17
compared to 4.0 for the EXP target.
































































































Fig. 3.21.: Theory (black) versus simulated (dashed red) for eight out of 24 color
patches from the ColorChecker Classic. All of the fitting results can be
found in Appendix C.
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3.4 Chapter 3 Conclusion
It is possible to use colored specular highlights for color targets in off-axis
illumination reflectance microscopy. These specially designed targets can be
fabricated with an infinite number of spectral reflectance profiles giving great
flexibility to those who need reflected color ground truth in their microscopic
color images.
Metal-Dielectric designs reduce polarization and incidence angle effects and
can create high-reflecting, narrowband color mirrors. These designs can be
formulated to minimize or maximize color-shift depending on what effect
is desired and depending on use. Lastly, many materials that absorb in the
visible wavelength region, such as metals and semiconductors, can be used as
the thin metal layers. This gives thin film manufacturers flexibility in material
choice for these designs.
Finally, an ideal color target following Block Dye spectral shapes has been
designed for use in a multi-filter imaging system. The designs are straight-
forward and can be combined with an aluminum coated microlens patch
(the white) as well as an uncoated patch (the dark gray). One simple array
of these ideal colors can provide a powerful calibration tool for spectral
reconstruction of magnified images.
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4Dual-Angle Target
„Music gives color to the air of the moment.
— Karl Lagerfeld
Thin film dielectric coatings are used in a variety of industries. Fabrication of
such coatings require knowledge of both their physical thickness and their
optical properties. Educational programs in the field of vacuum deposition
teach a variety of measurement methods to determine the physical thickness
of deposited films. These methods can either be physical, such as profilometry,
or optical, such as spectrophotometry. Profilometry requires physical contact
of a film sample and can cause scratching of the surface. Spectrophotometric
methods are non-contact where the maximum and minimum reflectance
features from a measured spectral reflectance profile can be used to calculate
the physical thickness and refractive index of the film [Macleod, 2010]. In
either case the equipment used is on the order of tens of thousands of dollars,
which for some small laboratories can be cost prohibitive.
There are imaging methods that are used to create a visible spectral re-
flectance profile of a surface. These methods require a digital camera with
either multiple bandpass filters or dual colored glass filters [Berns et al.,
2004; Berns et al., 2005; Imai et al., 2009]. The filters in combination
with the camera sensors transform the camera into a device similar to a
spectrophotometer. Digital cameras have become a constant in daily life due
to their accessibility and low cost. Adapting a digital camera to perform
similarly to a spectrophotometer can help to keep lab costs down.
There are two ways to use a camera as a spectrophotometer. The first way
uses a monochrome camera and a sufficient number of bandpass filters to
directly measure the spectral reflectance at each image pixel. The second
uses a regular three channel, RGB camera and a small number of filters, then
estimates the spectral reflectance with the use of statistical models. This
spectral estimation method is often referred to as an empirical or learning-
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based method, requires a training target, and is very useful if the spectral
sensitivities of the camera are not known [Ribes et al, 2008; Ribes and
Schmitt, 2008]. The bandpass filters increase the number of digital camera
channels so there is more information that can be used in the model’s trans-
formation. In the absence of additional filters, there is a way to increase the
RGB channels from a camera when imaging a dielectric thin film. Reflectance
spectral profiles caused by interference of a dielectric film and substrate
will shift to shorter wavelengths with incident angle. This shift causes a
corresponding color change. If the light source position is changed so that an
image is captured at different incidence angles, multiple color images and, in
turn, RGB signals are collected for a single thin film.
This Chapter will describe how two color images of a dielectric thin film,
taken at more than one incidence angle, can be used to reconstruct the
associated spectral reflectance at one incidence angle, and determine the
film’s physical thickness.
4.1 Background
4.1.1 Optical Thin Films
Spectral reflectance from a thin dielectric film on a substrate occurs when
reflected light from the top and bottom interfaces of the film interfere (illus-
trated in Figure 2.4). The calculation for reflectance of a thin film requires
that the film surface be continuous, smooth, and the interfaces are parallel
[Macleod, 2010]. These calculations can also be adapted to determine a film
thickness from measured reflectance. Most basic equations used to calculate
film thickness from a spectrophotometer reflectance plot require the film and
substrate’s refractive indices to be homogeneous and without dispersion.
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As a dielectric film increases in thickness on a substrate of higher refractive
index (ns > nf), a maximum in reflectance will fall at a given wavelength,












































Fig. 4.1.: Reflection minimums caused by a dielectric film (where nf < ns) quar-
terwaved at 2500nm. The first wave minimum (left), m=0, is at the
design wavelength, 2500nm, and subsequent wave minimums happen at
2500/(m+1). Since the wavelength, ⁄, is in the denominator for Equa-
tions 4.2 and 4.1, the relationship between reflectance minimums and
wavelength is nonlinear. When we plot the reflectance versus wavenum-
ber (right), we see a linear relationship between reflectance minimums
and wavenumber.
The value m, represents the reflectance minimum order. If m=0 at a given
wavelength, the reflectance minimum at that point is a minimum of the first
order (m+1). When m=1 or m=2, the reflectance minimum is of a higher
order, 2nd or 3rd order respectively. This is illustrated in Figure 4.1 for a
dielectric film (nf < ns) quarter waved at 2500nm. The left plot in Figure
4.1 shows the successive reflected minimum orders in wavelength space,
which would fall at wavelengths 2500nm/(m+1). Since the wavelength, ⁄,
is in the denominator for Equations 4.2 and 4.1, the relationship between
reflectance minimums and wavelength is nonlinear. The right plot shows
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reflectance versus wavenumber, 1/⁄, where we see a linear relationship
between minimum orders and wavenumber.
Combining both Equations 4.1 and 4.2, and solving for thickness, t, cancels
out the reflectance order, m, and produces:
t = ⁄1⁄24nf (⁄1 ≠ ⁄2)
. (4.3)















Fig. 4.2.: Calcuated reflectance from a 600nm film (nf =1.465) on an ns=3.5
substrate, where ⁄1 (578.6nm) is a maximum and ⁄2 (496.3nm) is a
neighboring minimum reflectance.
Equation 4.3 allows one to calculate the approximate thickness of a dielectric
film by knowing a single reflectance maximum and neighboring minimum
(see Figure 4.2). Equations 4.1 and 4.2 allow one to calculate the physical
thickness knowing a single maximum or minimum, respectively. However,
for all three equations there are some limitations that may prevent their use
for our needs. First, the visible wavelength region is a fairly small span of
wavelengths. Most measured spectral reflectances where this technique is
useful span wavelengths from 300nm to 1000nm in order to determine how
to set m in either Equation 4.1 or 4.2. If one assumes m=1, when m actually
equals two or three, the thickness will be calculated to be half or three times
thinner. Also, if the spectral reflectance profile is clipped, it won’t represent
a true maximum or minimum. Next, these equations assume the material
is homogeneous and both substrate and film are without or with minimal
dispersion. Silicon, the substrate used for our simulation, has a high degree
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of dispersion in the visible, and will alter where the maxima and minima
will fall for a given SiO2 thickness. Lastly, not every thickness will result
in a maximum or minimum. For SiO2, where the index is approximately
1.465, a minima will not occur at 400nm until the film is nearly 70nm thick.
Using these equations limits the minimum thickness that can be calculated.
Therefore, once the spectral reflectance of a film has been determined other
methods must be deployed in order to identify the film’s thickness.
As a thin film increases in thickness, the spectral reflectance will change,
seen in Figure 4.3 based on enumerating Equations 4.1 and 4.2 for three
thicknesses.




















Fig. 4.3.: Calculated reflectance from a 200nm, 300nm, and 500nm SiO2 film on a
silicon wafer.
Since the spectral reflectance of a thin film changes with thicknesses, so
does the reflected color. If the specular reflected color of a thin film was
captured using a virtual camera with sensitivities similar to a Canon 60D
camera [Gu, 2013], the digital counts (RGB) for the films in Figure 4.3 could
be represented in an RGB color space, such as one in Figure 4.4. There
are several locations within this RGB color space where two thicknesses can
be represented by one color coordinate. Because of this fact, it would be
impossible to create a transformation between the RGB of a single image and




















Fig. 4.4.: Calculated virtual camera RGB from a 200nm, 300nm, and 500nm SiO2
film on a silicon wafer at 10¶ incidence. Open black circles identify
the entire RGB gamut of reflected color for an SiO2 film for 0 - 600nm
thickness on silicon.
Another unique interference property of dielectric thin films is the spectral
reflectance shift to shorter wavelengths with increasing incidence angle. The
shift for a 500nm film of SiO2 on silicon for incidence angle ranges from 10¶ to
60¶ is shown in Figure 4.5. This spectral reflectance shift also translates into a
color shift as the incidence angle increases. When this color shift is converted
to RGB color space, the shift for each film thickness is not represented by a
universal direction in the RGB color space (i.e. counterclockwise, downward,
upward, etc.). Each thickness is represented by a unique and independent
shift. The color shift associated with a 10¶ - 60¶ incident angle change for a
200nm, 300nm, and 500nm thick SiO2 film on silicon is plotted in Figure 4.6.
The color shift versus incidence angle creates multiple colors for a single film
thickness. The independent nature of the shift allows color differentiation
between two thicknesses that may have the same color coordinates at one
incidence angle. Therefore, if two images are taken of a single film thickness,
each being at a different incidence angle, there will be more data to create a
successful transform between RGB and spectral reflectance.
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Fig. 4.5.: Calculated reflectance for a 500nm SiO2 film on a silicon wafer from 10¶





























Fig. 4.6.: Calculated virtual camera RGB for a 200nm (ı), 300nm (+), and 500nm
(⇤) SiO2 film on a silicon wafer from 10¶ - 60¶ incidence. Notice each film
thickness’ color shifts in different directions at higher incidence angles.
4.1.2 Learning-based Spectral Reconstruction
Learning-based reconstruction of spectral reflectance from digital camera
signals relies on calibration training targets. The training targets must en-
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compass all of the spectral reflectance data profiles that will be imaged in
order to create an accurate transformation from camera digital counts to
spectral reflectance. There are several methods that are used to create the
spectral estimation transforms [Ribes and Schmitt, 2008]. Principal Compo-
nent Analysis was used here to first determine how many eigenvectors were
necessary to define the entire data set of spectral reflectances of a specific
dielectric film with thicknesses from 0 - 600nm. The minimum number of
eigenvectors also helped establish the minimum number of RGB channels
that were necessary to create an efficient transform (RGB Ø eigenvectors).
We can estimate the spectral reflectance, R⁄ [Tzeng and Berns, 2005] with
the following:




where e⁄,m represents a 31xm matrix of m eigenvectors over the wavelength
range from 400 - 700nm, every 10nm, cm represents m scalars, and R̄⁄ is
the mean reflectance of the reflectance dataset. To obtain the simplest, yet
efficient approximation for reflectance, we want m to be as small as possible.
In order to determine m, we need the fewest number of eigenvectors to
account for the highest cumulative variance in the spectral data. Once m has
been established, m will also determine the number of RGB channels that
will be necessary, and m/3 will be the number of incidence angles that will
be needed for image capture.
The calibration target samples will be determined by the overall RGB reflected
color gamut produced by a film from 0 - 600nm thickness. Color samples will
be chosen from the edges of the gamut and then at intersecting points within
the gamut that represent two film thicknesses at one incidence angle.
Due to the limitations of using Equations 4.1 through 4.3 to determine
accurate film thickness, a comparison of Sum of Squares Error (SSE, Equation
4.5) for the theoretical (R⁄) and reconstructed spectral reflectance (R̂⁄)
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(R⁄ ≠ R̂⁄)2 (4.5)
4.2 Simulation
Sixty-one spectral reflectance profiles representing SiO2 film thicknesses from
0-600nm on a silicon wafer were generated using OptiLayer Professional
software [Tikhonravov and Trubetskov, 2014]. The mean reflectance, R̄⁄,
and 31 eigenvectors and scalars were calculated from the reflectance data.
The spectral reflectances for all 61 SiO2 thicknesses were reconstructed using
up to six eigenvectors to determine how the cumulative variance compared
to the reflectance difference between the theoretical and reconstructed re-
flectance. Six eigenvectors was deemed necessary to produce acceptable
reconstructed reflectance and the supporting data is shown in Table 4.1.




























Fig. 4.7.: Camera Sensitivites of virtual camera.
The next part of the simulation was conducted to determine how many
calibration training samples would be necessary to encompass the entire
spectral reflectance color gamut for SiO2 films for thicknesses up to 600nm
on silicon. A virtual Canon 60D camera [Gu, 2013] was used and the spectral
sensitivities are plotted in Figure 4.7.
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Sixty-one spectral reflectance profiles from 400 - 700nm, for 0-600nm SiO2
film thicknesses, and for both 10¶ and 20¶ incidence were calculated using
OptiLayer [Tikhonravov and Trubetskov, 2014]. Their RGB’s for both 10o
and 20o angle incidence were calculated using the virtual camera sensitivities,
performing white balance using a white with similar spectral reflectance to a
PTFE, and then normalized to 50% to represent the reflectivity similar to bare
silicon. Their RGB data are plotted in Figure 4.8 where the arrow indicates
the direction of the color shift from 10o to 20o.
Fig. 4.8.: RGB values for 61 spectral reflectance profiles using the virtual camera.
The arrow indicates the color shift from 10o to 20o angle of incidence.
After reviewing the RGB color gamut from Figure 4.8, it was determined that
colors that were on the edges of the gamut should be incorporated into the
proposed calibration targets. Also, colors that were close to a transition point
in the center of the gamut (two thicknesses that had similar RGB at 10¶)
should be included. Fifteen RGB coordinates and their associated spectral
reflectance were chosen as the new calibration target. The new target’s RGB
locations are shown in Figure 4.9 and their associated spectral reflectances
in Figure 4.10.
Thirty one eigenvectors representing the fifteen samples’ spectral reflectance
were calculated, and the top six (99.75% cumulative variance) were used
for the RGB to spectral reflectance transformation shown in Equation 4.6.
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Fig. 4.9.: RGB values for the fifteen proposed calibration samples at 10o incidence
using the virtual camera. The calibration target samples are compared to
the 61 samples shown in Figure 4.8.




















Fig. 4.10.: Spectral reflectance for the fifteen proposed calibration samples at 10o
incidence.
The RGB data for the fifteen samples at 10¶ (◊1) and 20¶ (◊2), as well as their
mean data (e.g. r̄◊1) were used in Equation 4.6 to solve for the transformation
matrix, M. The resulting matrix, M, can be found in Appendix D.
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The final part of this simulation was to take the reconstructed reflectance
and calculate the SiO2 film thickness. SSE’s were calculated using Equation
4.5 where, R⁄ was the theoretical reflectance for a known film thickness, and
R̂⁄ was the reconstructed reflectance. The smallest SSE determined the best
spectral match, and the best associated film thickness.
Tab. 4.1.: Cumulative Variances, Maximum SSE’s, and color difference ( RGB) by
using one to up to six eigenvenctors for sixty-one SiO2 thicknesses on
silicon.
Cumulative Max
e{⁄, i} Variance SSE  RGB
1 0.318 0.318 0.1025
2 0.566 0.276 0.0609
3 0.773 0.250 0.0140
4 0.934 0.131 0.0084
5 0.988 0.015 0.0011
6 0.997 0.004 0.0005
4.2.1 Dual-Angle versus Single-Angle
If we compare the results from the Dual-Angle, 6RGB method to that of only
a single angle and 3RGB we can see a drastic difference in RMS error (Figure
4.11). However, the RMS error does not indicate how well the spectrally
reconstructed reflectance would indicate SiO2 film thickness. If the SSE
method was used to determine the physical thickness of the film based on
the spectral reconstructed reflectance, the Single-Angle method would fail
at determining the thickness approximately 30% of the time, specifically for
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Fig. 4.11.: RMS error comparison for the 15 color target Dual-Angle method [A]
versus using the 15 color target Single-Angle method [B].





















































Fig. 4.12.: Film thickness determination for the 15 color target Dual-Angle method
[A] versus using the 15 color target Single-Angle method [B]. The Dual-
Angle method is has 100% accuracy, where the Single-Angle method
does not.
4.3 Results and Discussion
Reconstructed spectral reflectances showed the best cumulative variance,
SSE, and color difference in the virtual camera color space,  RGB with
six eigenvectors (Table 4.1). The eigenvectors calculated for the 61 film
thicknesses are shown in Figure 4.13. Six eigenvectors and two images are all
that are necessary for a good transformation from digital counts to spectral
reflectance.
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Fig. 4.13.: Eigenvectors used to calculate spectral reflectance for 61 SiO2 film
thicknesses (left) and 15 SiO2 thicknesses.
When we compare the virtual camera color difference between using 61
color samples in our target versus the 15 optimized samples, we calculate a
 RGB (Equation 4.7) of 0.000024 for the 61 samples and 0.000029 for 15.
With only a difference in the 6th decimal place for color difference, it can be




(rtheory ≠ rmeasured)2 + (gtheory ≠ gmeasured)2 + (btheory ≠ bmeasured)2
(4.7)
The reconstructed reflectances for the 61 SiO2 thicknesses using the 15
calibration targets were individually compared by calculating the SSE to the
group of reflectances. The lowest SSE’s calculated for each reconstructed
spectral profile indicated that their corresponding theoretical profile was an
exact match, which in turn, determined the associated film thickness. This
comparison method of deriving the SSE was able to determine thicknesses
below 70nm and all other thicknesses up to 600nm more accurately than
using the traditional calculations of Equations 4.1 - 4.3.
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4.4 Chapter 4 Conclusion
A digital camera and an incident-angle-varying light source make a simple
spectral imaging device to determine the thickness of dielectric thin films.
This system was used to determine the physical thickness of SiO2 films on
silicon by utilizing the camera responses from the film’s reflected color at
two different incident angles. When PCA is used as the inverse method of
reconstructing spectral reflectance profiles, six eigenvectors were determined
sufficient for reconstruction.
A training, or calibration target made up of 15 SiO2 thicknesses that rep-
resented a thickness span of 0 - 600nm, was successfully used to create
an efficient matrix transformation from camera RGB responses to spectral
reflectance. Once the spectral reflectance was reconstructed for a given
unknown film thickness, it was compared to spectral reflectances with known
thicknesses using Sum of the Squares Error to determine which was the
closest spectral match and likely film thickness.
Future work should consist of performing the spectral reconstruction of other
dielectric films on silicon by using the SiO2 calibration samples as the ideal
calibration targets. It is the opinion of the authors that this method will
work for any dielectric film and substrate (i.e. glass, ceramic, semiconductor,
etc.).
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5Dynamic Color Target
„We need never be ashamed of our tears.
— Charles Dickens
Great Expectations
This chapter will describe the creation of a static color target that can be used
to calibrate a dynamic system where imaged color changes with time. The
dynamic system used in this example is the reflected colors caused by human
tear film.
Fig. 5.1.: Layers of Human Tear Film [Goto et al. 2003].
5.1 Human Tear Film
Human tears are made up of three liquids: a thin oily lipid layer, a thick aque-
ous or water layer, and a thick mucus layer illustrated in Figure 5.1. The lipid
oil is produced within the lids’ meibomian glands. The lipid layer performs
two functions, the first to protect the aqueous layer from evaporating, and the
second to allow the eyelid to glide safely over the eye [Calvo et al., 2010].
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Every time we blink, the lipid oil is expressed when our eyelids touch (Figure
5.2). The amount of lipid oil is related to the health of the eye [Remeseiro et
al., 2013; Korb, 2002; King-Smith et al., 2006; King-Smith et al., 2004;
Goto and Tseng, 2003; Goto et al., 2003; Fogt et al., 1998; Calvo et al.,
2010; Braun, 2012]. The thin layer of oil over the layer of water and mucus
creates a faint interference color on the surface of the cornea. The color of
this tear film is directly related to these individual layer thickesses and is
shown in Figure 5.3.
Fig. 5.2.: (Left) Eye closed, meibomian glands expressing lipid oil as pressure is
placed on edges of eyelid. (Right) Eye open, tear film is spread across
cornea as upper lid rises. [TearScience, 2014]
Fig. 5.3.: Image of the interference colors produced in tear film on the human eye
[Remeseiro et al., 2013].
As the tear film spreads across the eye, the layer thicknesses decrease [King-
Smith et al., 2004], causing a change in color over time before the next blink.
Individuals who do not produce enough lipid layer experience a condition
referred to as Dry Eye [Blackie, et al., 2009]. There are various treatments
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that are used to improve the eye’s ability to produce tears and one of the
ways to assess the success of such treatments is to determine the thickness of
the tear film produced with each blink.
5.2 Reflected Color of Tear Film
The tear film system is made up of three transparent layers on the cornea
of the eye, the lipid layer, the aqueous layer, and the mucus layer. The top,
oily lipid layer, has thicknesses listed in the literature ranging up to 150nm
[Tear Film and Ocular Surface Society, 2014], or 220nm [Grenon et al.,
2013], or 370nm [McDonald, 1968]. The middle, aqueous layer and the
bottom, mucus layer have combined thicknesses up to 5000nm [Tear Film
and Ocular Surface Society, 2014]. There isn’t any literature defining the
optical properties of the mucus layer, so the assumption is that it could have
refractive index properties similar to either the aqueous layer or the cornea.
For this dissertation, the index assignment will be more similar to the cornea,
therefore making the tear film optically two layers.
Interference fringes are produced due to the refractive index differences
between the air medium (no=1.0), the high refractive index of the lipid
layer (nLL=1.482), and the low refractive indices of both the aqueous layer
(nAQ=1.337) and the cornea (nS=1.376) [Goto, 2006]. These fringes ap-
pear as faint reflected color on the surface of the eye, and they represent
various thicknesses of both the lipid layer and the aqueous layer. The two
liquid layers are uniquely represented in the spectral reflectance profile. The
top layer contributes to low-frequency oscillations illustrated in Figure 5.4.
This low-frequency variation in reflectance is caused by the interference of
the reflected light from the air/lipid interface (no and nLL), the reflected light
from the lipid/aqueous interface (nLL and nAQ), and the physical thickness of
the lipid layer. The bottom layer is responsible for the high-frequency oscilla-
tions illustrated in Figure 5.5. The high-frequency reflectance profile is due to
both interface reflected light from the lipid/aqueous and the aqueous/cornea
interfaces, and the large thickness of the aqueous layer. The amplitude of
the reflectance for the low-frequency oscillations is due to the index ratio
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between the lipid layer and its surrounding layers or mediums, and the lower,
high-frequency amplitude is primarily due to the small index ratio between
the aqueous layer and the cornea.
Fig. 5.4.: The top, oily lipid layer thickness produces the low frequency ripple in
the tear film spectral reflectance profile.
Fig. 5.5.: The bottom, aqueous layer thickness produces the high frequency ripple
in the tear film spectral reflectance profile.
The reflected color of the tear film changes as each layer changes in thickness.
The total RGB color gamut that is created from the thickness ranges of the
lipid layer (0-240nm) and the aqueous layer (500 - 5000nm) using camera
sensitivities similar to that of a Canon 60D camera are plotted in Figure
5.6. The solid line in the figure denotes a varying lipid layer thickness and
constant aqueous thickness (5000nm), while the gray x’s represent a constant
lipid layer thickness (100nm) and varying aqueous thickness.
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There are two imaging challenges that need to be addressed in order to
determine the physical thicknesses of each tear film layer. The first would
be the low reflectivity from the surface. The maximum reflectance expected
from this interference system would be 6% for the visible wavelength region.
In order to increase the contrast of the signal, one needs a color target
that represents the actual color gamut of the tear film. This target can
be used to colorimetrically calibrate the camera. The other issue is that
it is difficult to perform a linear transformation between camera digital
counts and film thickness from a single image. Looking at Figure 5.6, one
can see where the solid line appears to cross. One set of digital counts
now could indicate two different film thicknesses. The two film thicknesses
share a similar color for that single viewing condition, but their color shift
can be different under a second viewing condition. Combining two viewing
conditions, such as alternating bandpass filters, or changing the incident angle
of the source (Chapter 4), would give enough differentiating information to
create a transform between digital counts to spectral reflectance, which can
then be used to determine film thickness.
The problem with altering the viewing conditions is that most medical facil-
ities that image the reflected colors produced from tear film have systems
where the source is fixed, or there is no place in the optical path to add
bandpass filters. Since the tear film is continuously migrating across the
cornea after every blink, changing in thickness as it dissipates, one way to
differentiate the films would be to take multiple images over a given time pe-
riod. The reflected color changes with time, therefore that color shift can be
used to determine the starting thickness of the layers. In order to accomplish
this, the target not only has to have accurate colorimetric representation, it
also has to provide an indication of the color shift with changing lipid layer
and aqueous layer thickness.
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Fig. 5.6.: RGB color gamut predicted using sensitivities similar to a Canon 60D
camera. The tear film lipid layer is between 0-240nm, and the aqueous
layer from 500-5000nm. The solid black line represents the path of
changing lipid layer thickness with constant aqueous thickness (5000nm).
The gray x’s, represent constant lipid layer thickness (100nm) with varying
aqueous thickness.
5.3 Multilayer Design for Tear Film Color
Target
It is proposed that a tear film color target have spectral reflectances identical
to those imaged from tear film on the eye. In order to replicate the spectral
reflectances, the first step would be to determine what materials can be
used as the substrate and film materials as an exact replica of the tear film
system. This would mean that for an identical series of layers that the
substrate should have an index of 1.376, the aqueous layer 1.337, and the
lipid layer 1.482. There are no substrates available that have such a low
refractive index, and water’s index cannot be matched by any solid film
material. An alternative idea using materials with similar index ratios was
published in a patent application by [Grenon et al., 2013]. Their design
strategy for their target was to remove the cornea as the substrate and replace
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it with the aqueous layer, which they chose to represent in their target by
using fused silica (nS=1.45) or crown glass (nS=1.52). The resulting lipid
layer replacement material needed to have the same index ratio to the
aqueous/lipid layer, so for a substrate of crown glass they chose magnesium
oxide, which has a refractive index ranging from 1.68 to 1.71 depending on
the deposition conditions to fabricate the film layer. The similar index ratio
allows the user to match reflectance peaks in the visible, but the higher overall
refractive indices cannot allow a match for the amplitude. This phenomenon
is shown in Figure 5.7. With this being the case, it is necessary to create an
RGBtarget:RGBLL transformation or LUT [Grenon et al., 2010] in order to
calculate the appropriate RGB signals for each lipid layer thickness.




















Fig. 5.7.: Comparison of magnesium oxide on fused silica reflectance versus lipid
layer on water reflectance for a single layer system.
There are still two major issues with this colorimetric target: 1) the target only
models the lipid layer thickness and not the aqueous layer, and 2) there are
still color gamut regions where one camera digital count represents two film
thicknesses (referred to as "areas of RGB ambiguity" in the patent application
[Grenon et al., 2013]). In order to address both issues simultaneously, it is
important to start with a target that mimics both film layers, and the redesign
should match the spectral reflectance for both the peaks and the amplitude.
As mentioned earlier, the high-frequency ripple is due primarily to the inter-
ference of the reflectances at the two interfaces of the aqueous layer. In order
to replicate both the number of ripples and match the ripple peak wavelength
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locations, the substrate and first film layer must have both the same index
ratio and must be in the same order from high to low refractive index. If
a common substrate of BK7 crown glass is chosen, with an index of 1.52,
a film layer of silicon dioxide (nSiO2=1.45) is very close to the necessary
index of 1.47. Matching the index ratio of the lipid layer to the aqueous layer
will necessitate a film material with an index of 1.60. The higher refractive
indices used in the ratio matching will produce the same amplitude issue as
was previously shown in the MgO single layer designs. In order to reproduce
the reflectance spectrum exactly, a design method known as Equivalent Layers
[Thelen, 1966] will be implemented as a starting design and then refined to
produce an exact match of the spectral reflectance.
Equivalent Layers are an odd numbered, symmetrical period of layers, where
collectively they produce the equivalent refractive index, at a given wave-
length, of a single layer. The concept comes from the mathematical modeling
of individual layers by using a 2x2 matrix, or the Characteristic Matrix, as
shown in Equation 2.1. By using a matrix to describe individual layers in a
multilayer film stack, one can calculate a single 2x2 matrix that will describe
the entire system (see Equation 2.3). Knowing that a system of multilayers
can be represented by a single matrix, it can be shown that a single layer
can also be broken down into multiple layers that will produce the same
Characteristic Matrix. The theory of Equivalent Layers was the first method
used to synthesize more manufacturable designs when the original had lay-
ers with unobtainable indices. Now, highly sophisticated design software
can be used to replicate that synthesis process, without the need for the
symmetrical period of materials. The draft design for the new color target
started with a thick layer of SiO2 on BK7 to replicate the high-frequency
ripple and then was topped off with three layers of alternating refractive
index (Al2O3/SiO2/Al2O3, where nAl2O3=1.65), in the spirit of the Equivalent
Layers method. The thicknesses of the three layers were refined in order
to match the spectral reflectance identically to that of a specific lipid layer
thickness. For lipid layer thicknesses of 80nm and greater, the result was a
four layer film system that could match any high-frequency ripple of a tear
film system by changing the thickness of the SiO2 first layer, and any of the
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low-frequency ripple by altering the thicknesses of the top three layers. Two
examples of the spectral reflectance matching are plotted in Figure 5.8.

















AQ 5000nm, LL 180nm
S!ASA 5000nm/180nm
AQ 600nm, LL 80nm
S!ASA 600nm/80nm
Fig. 5.8.: Spectral reflectance matches from two aqueous/lipid layer (AQ/LL) thick-
nesses versus their SiO2-Al2O3/SiO2/Al2O3 (S-ASA) spectral matching
design.
As the lipid layer thickness decreased below 80nm, it became difficult to
match the spectral reflectance exactly as calculated. The design software was
allowed to add another common deposition material, magnesium fluoride
(MgF2, nMgF2 = 1.38) to the list of potential Equivalent Layer materials. The
results were MgF2 replaced the first Al2O3 and second SiO2 layer for lipid
layers equal to 60nm in thickness, S-MA. Now the replacement layers no
longer followed the theory of Equivalent Layers because there were not three
layers. For thicknesses from 20-40nm, the designs were strictly SiO2 and
MgF2, S-MS. In order to match the high-frequency peaks for the spectral
reflectances created by lipid layer thicknesses of 20-40nm, the thickness of
the first SiO2 layer had to be decreased. Finally, in order to replicate an
absent lipid layer thickness, the amplitude of the high-frequency peaks was
reduced by adding a single MgF2 layer on top of the first SiO2 layer, S-M (see
Figure 5.9). All of the designs that will be used in the target can be found in
Appendix E.
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AQ 5000nm, LL 60nm
S!MA 5000nm/60nm
AQ 500nm, LL 20nm
S!MS 500nm/20nm
AQ 2000nm, LL 0nm
S!M 2000nm/0nm
Fig. 5.9.: Spectral reflectance matches from three aqueous/lipid layer (AQ/LL)
thicknesses versus their MgF2/Al2O3 (S-MA), MgF2/SiO2 (S-MS), or MgF2
(S-M) spectral matching designs.
5.4 Dynamic Target Example
Now that any spectral reflectance profile of a tear film can be mimicked with
a manufacturable thin film system, one can design the layout of the new
target.
When reviewing the color gamut shown in Figure 5.10, one can see that
there is a varying width at each of the plotted lipid layer thicknesses that
represent a changing aqueous thickness. The target should not only represent
a range of lipid layer thicknesses [Grenon et al., 2013], but also a range
of aqueous thicknesses. If the target encompasses 13 lipid layer thicknesses
to represent 0-240nm every 20nm, how should the aqueous thicknesses be
represented? The high-frequency component of the spectral reflectance for
the 500-5000nm range cannot be represented easily by only a few basis
functions (which is necessary to limit the total number of patches on our
target). Another goal is to keep the number of images used for evaluation
down to less than four, so our number of basis functions can be limited
to less than twelve (equal to the number of digital counts from the total
images). Therefore, in order to limit the basis functions, representation of the
high-frequency component of the reflectance must be restricted to a smaller
set of data.
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Fig. 5.10.: RGB color gamut represented by lipid layer thicknesses from 0-200nm
in 20nm increments, and aqueous layer thicknesses from 500-5000nm
in 20nm increments. Dotted line represents an aqueous layer thickness
of 5000nm for the entire lipid layer thickness range of 0-300nm.
We need the target to depict the edges of the gamut, and choose aqueous
layer thicknesses that represent reality. If we look closer at the gamut and
how the colors travel versus layer thickness, we can see that one aqueous
layer thickness does not travel in a linear fashion through the color gamut.
The reflected color of a single aqueous layer thickness oscillates back and
forth across the gamut as lipid layer thickness increases. Larger thicknesses
from 2000-5000nm tend to be focused more in the center of the gamut,
while smaller thicknesses from 500-900nm oscillate from edge to edge. This
becomes apparent from the plots in Figure 5.11. Here, one aqueous thickness
(e.g. 500nm) travels along one gamut edge and crosses to the other gamut
edge at a lipid layer thickness around 120nm. A similar crossing from gamut
edge to edge can be seen for aqueous thicknesses of 600nm, and a crossover
at a lipid layer thickness of 80nm for an aqueous thickness of 540nm and
660nm.
Tear film thickness changes (measured on the cornea) versus time were
shown to change about 1µ/sec just after an eye blink, and then transition
into a slower change of 1.2µ/min two seconds after the blink [King-Smith et
al., 2004] as shown in Figure 5.12. The average thickness measured during
this study was a tear film thickness of 2.7µm. If we consider that thicknesses



























Fig. 5.11.: RGB color gamut represented by lipid layer thicknesses from 0-200nm in
20nm increments, and aqueous layer thicknesses of 500nm (solid black)
and 600nm (dashed red) in the plot on the right, and 540nm (dashed
blue) and 660nm (solid magenta) in the plot on the left .
could be somewhere in the range of 2-5µm, this would mean the color will
change very little in the R-G plane if the aqueous layer is anywhere within
that range. If we think about the tear film color gamut as a bendable straw,
as pictured in Figure 5.13, increasing the contrast will only make the straw
longer. In order to differentiate the colors from a 2µm to 5µm aqueous layer,
we need to increase the width of the straw.
Fig. 5.12.: The change versus time per second of a Tear Film after a blink [King-
Smith et al., 2004].
Increasing the width of the straw only requires scaling the digital counts in
the R-G plane. If we have a colorimetric calibration target that has equivalent
spectral reflectance as real tear film, then we can capture the digital counts
for a given lipid layer thickness and a range of aqueous layer thicknesses, and
scale them only in the R-G plane, then create a 3x3 matrix to transform the
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Fig. 5.13.: If the color gamut is considered similar to a bendable straw (top), con-
trast enhancement will only elongate the straw. In order to differentiate
the colors for the thick aqueous layers, one needs to widen the straw
(bottom). This can be accomplished with a transformation at each lipid
layer thickness for a range of aqueous thicknesses.
measured digital counts at the proper location to those of the scaled values.
An example of this process is shown in Figure 5.14, and an example of how
increasing the contrast in just the R-G plane is shown with a color target in
Figure 5.15.
In order to determine how this target will be of use for spectral reflectance
estimation we first have to make some assumptions. The first assumption
with this calibration target example is that the lipid layer thickness will
decrease in a uniform thickness over time and the aqueous layer thickness
will decrease at a rate of 1µ/sec for the first second after blink, and 1.2µ/min
for the next second. The second assumption will be that the lipid layer
thickness will not start at zero thickness. The smallest starting thickness for
the lipid layer will be 40nm.
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Fig. 5.14.: The red (upper left) and green channel (upper right) digital counts were
scaled by 8 from the original peak amplitude. The blue channel was left
unscaled. The transformation from RGB’s before and after scaling was
created. Original simulated digital counts for a lipid layer of 40nm, and
an aqueous layer ranging from 2-3µm (lower left). The digital counts
were multiplied by a transformation matrix, M40 in Appendix F, to create
the wider radius in the R-G plane (lower right).
Fig. 5.15.: The on the left shows an example of an original image, the middle target
shows one where the contrast is enhanced, the right shows the effect of
the R-G plane scaling.
There is an intersection point within the color gamut that represents two lipid
layer thicknesses. If the lipid layer decreases in thickness with time, there will
be an associated color change. There are two possible color outcomes from
this change in thickness, and both thicknesses represented by the intersecting
point at one instance will have the trajectory toward the ending color be
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vastly different. This change in trajectory is illustrated in Figure 5.16. The
blue arrow represents the color change if the lipid layer thickness is 30nm,
where the red arrow represents that associated with a lipid layer thickness of
190nm.
Fig. 5.16.: The actual lipid film thickness can be defined by the vector traveled
with time. The intersection point plotted above can represent two lipid
layer thicknesses. Based on the trajectory, the two thicknesses can be
differentiated.
The color target in Figure 5.17 has decreasing lipid layer thickness repre-
sented by color patches from right to left in any given row. We will assume a
color change for the lipid layer of 40nm overall from one to three seconds
after blink. The aqueous thickness changes as indicated in Figure 5.12 are
incorporated by moving upward in the target. As an example taken from
Figure 5.15, the movement on the target from the first position (1) to the
third position (3) is on a diagonal. So a calculation for reflectance using the
nine eigenvectors, the matrix transformation, M, the digital counts of the
sample from time 1 to 3 (rgb), using the targets’ average reflectance, R̄, and
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the targets’ average digital counts ( ¯r, g, b), is shown in Equation 5.1. The
eigenvectors are shown in Figure 5.18 and M is given in Appendix F.

































Fig. 5.17.: Colors 1, 2, and 3 show the direction the color should travel in an
image if the thickness versus seconds are correct from [KingSmith, et
al., 2004] All of the designs that are used in the target can be found in
Appendix E.
Using the example in Equation 5.1, but using PCA to complete the transfor-
mation we calculate the spectral reflectance of a 180nm lipid layer on top of
a 3500nm aqueous layer. The results are plotted in Figure 5.19.
5.5 Chapter 5 Conclusion
The target example used in this chapter was a very simple one. It showed that
with a basic understanding of the spectral reflectances created by a liquid
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Fig. 5.18.: Eigenvectors 1-5 (left) and 6-9 (right) representing the 22 calibration
targets using PCA.

















Fig. 5.19.: Theory (solid black line) and Reconstructed (red dashed line) for a tear
film with 180nm lipid layer and 3500nm aqueous layer.
multilayer system one can mimic those reflectances with a solid multilayer
system. It was also shown that a basic knowledge of how the colors change
with time can help to produce the pattern and algorithm used to map out
the color changing path in a static color target. This type of target can be
useful not only for magnified images such as the example given here, but
for macroscopic ones where one may need to map out the thickness of oil
on water to determine overall volume of material. The target can also be
mapped out in a more complex way based on the algorithms necessary to
perform the transformation.
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6Conclusion
The usefulness of optical interference coatings to create very specific color
targets for magnified imaging was validated by this research. For micro-
scopic use, color mirrors can expand the useful color gamut for colorimetric
purposes, and can be used for an ideal target for spectral estimation meth-
ods. These training targets have expanded the useful techniques commonly
practiced for multispectral imaging by allowing spectral estimation of data
without the need for multiple glass filters in an imaging system. Instead,
one can leverage the color changing properties of these targets based on
the incident angle of the light source for the Dual-Angle Method, allowing
spectral estimation using only a digital camera and a single light source.
These targets can also be used for imaging applications where the object
changes color with time. Knowing the object’s spectral reflectance signature,
the color mirrors can be designed to mimic those signatures for each moment
in time. The collection of color mirrors in a static target that indicate the color
change with time allows the use of spectral estimation methods. The spectral
reflectance profile gives valuable information about an object, whether it
is related to a pigment, or a dielectric film thickness, and these specialized
color targets are able to assist the user to determine that important profile
information.
6.1 Future Work
Future work for the following areas is suggested:
• Fabricate an ideal target all on one microlens sample, such that all of
the color targets necessary can be imaged at one time. Process chal-
lenges would involve using photolithographic techniques on a textured
surface, producing a microlens substrate that is void of defects at high
magnifications, developing designs for different levels of gray, and
fabricating color mirrors that are repeatable for a specific process.
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• Use the ideal target to identify spectral reflectance profiles of different
pigment particles. Do individual particles deliver the same reflected
color and profile as a continuous surface? Can one map out the depth of
a paint layer that prevents fading of particular pigments? Can ancient
dyes in fibers reveal similar information? The ideal target should be
a new tool to use to assist those in the art preservation and archiving
world.
• One of the next steps now that a target system has been identified for an
off-axis illumination reflection microscope would be to develop a target
that can be used with an on-axis illumination system, specifically one
for an ophthalmic microscope. Convex microlenses worked very well
for the microscope for this research, so possibly concave microlenses or
even retro-reflectors or corner cubes could be investigated.
• An extension to the ideal target would be to continue the block dye
spectral shapes into the near-infrared and use them with a camera
system that has an infrared sensor.
• Determine if a single dual-angle target of SiO2 film layers is sufficient
as a training target for other higher index films. Does SiO2 produce the
ideal dual-angle film target?
• Investigate a dual-angle target that can be used for effect pigments.
Create an ideal target that represents the typical color change of effect
pigments. Also, show how diffuse light at two different angles can also
be used with an effect pigment target.
• Develop more efficient models to track the thickness changes of human
tear film layers over time. Incorporate the color target design presented
in this dissertation into a real target, where the layout can support the
new efficient models. Use target to monitor typical aqueous thicknesses
that are associated with lipid layer thicknesses.
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6.2 Publications
6.2.1 White Papers
The data in Chapter 4 contains all of the information for a white paper on
using Dual-Angle Imaging to determine a dielectric film’s physical thickness
when deposited on a silicon wafer for the Microelectronics Department within
the Kate Gleason School of Engineering:
• J. D. T. Kruschwitz and R. S. Berns, Dielectric film thickness determina-
tion using dual-angle, visible-spectrum imaging.
6.2.2 Journal and Conference Publications
This research resulted in a number of journal and conference publications:
• J. D. T. Kruschwitz and R. S. Berns (2013) Color modeling of paint
mixtures containing conventional and interference pigments, in Opti-
cal Interference Coatings, M. Tilsch and D. Ristau, eds., OSA Technical
Digest (online) page MB.8. Optical Society of America.
• J. D. T. Kruschwitz and R. S. Berns (2014). First-order goniospec-
trophotometric spectral modeling of isotropic and anisotropic col-
orant mixtures, Applied Optics, 53(4):A131-A141.
• K. D. Hendrix, J. D. T. Kruschwitz, and J. Keck (2013). OIC 2013:
Design problem results, in Optical Interference Coatings, M. Tilsch and
D. Ristau, eds., OSA Technical Digest (online), page TD.1. Optical
Society of America. INVITED PAPER.
• K. D. Hendrix, J. D. T. Kruschwitz, and J. Keck, (2014). Angle-
independent color mirror and SWIR/MWIR dichroic beamsplitter,
Applied Optics, 53(4):A360–A376.
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• J. D. T. Kruschwitz and R. S. Berns (2014) Non-polarizing color
mirrors on a high reflecting metal base, Applied Optics 53, No. 16,
pp. 3448–3453.
• J. D. T. Kruschwitz and R. S. Berns (2014), Imaging Color Target
for Off-Axis Illumination Reflectance Microscopy, Color and Imaging
Conference, 2014, pp. 247–252.
6.2.3 Provisional Patent Applications
• Provisional Filing for 2014-018; BSK Ref. No.: 330P185, Reflectance
Color Target for Magnified Images.
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This Appendix contains specific data from Chapter 3 in regard to the color
mirrors in Section 3.1. Table 3.2 has been appended (now Table A.1), and
includes three different Inconel layers whose optical properties differed for
color mirrors six through sixteen. Very thin metal layers can vary greatly
in the same fabrication run if the substrates are located distant from one
another within the coater. Inconel is an aggregate layer and grows differently
based on coating deposition parameters (e.g. temperature, substrate surface,
location in vacuum chamber, etc.). Tables A.2 and A.3 contain the specific
refractive index (n) and extinction coefficient (k) data for aluminum, TiO2,
and Inconel, in order to replicate each of the designs shown in Figure A.2.
Also, expanded RMS data from Figure 3.6 can be found in Table A.4.
Tab. A.1.: Coating Matrix. Film physical thickness in nanometers. Inconel metal
layer optical properties calculated one of three varieties, indicated in
superscript next to thickness (see Table A.3).





5 100 30 White
6 100 70 8(1) Sky Blue
7 100 140 8(2) Gold
8 100 160 8(2) Magenta
9 100 180 8(1) Violet
10 100 200 8(1) Blue
11 100 215 8(1) Cyan
12 100 235 8(1) Bluish-green
13 100 250 8(3) Yellowish-green
14 100 265 8(3) Yellow
15 100 280 8(3) Light Orange
16 100 330 8(3) Pink
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Tab. A.2.: Aluminum and TiO2 refractive indices.
Aluminum TiO2
⁄, nm n k ⁄, nm n
400.0 0.49 4.86 450 2.48
413.3 0.52 5.02 500 2.42
427.5 0.56 5.20 550 2.37
442.8 0.60 5.38 600 2.32
450.0 0.62 5.47 650 2.29
459.2 0.64 5.58 700 2.28
476.9 0.70 5.80 750 2.27




















The following are the spectral reflectance data for the eight color tiles (Figure
A.1) and 16 color mirrors (Figure A.2).
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Tile 1 Tile 2
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Tile 5 Tile 6
















































Tile 7 Tile 8
















































Fig. A.1.: Reflectance factor comparison for the eight color tile samples between
the Eye-One (solid blue) and MS (dashed red), both with matching
bandwidth.
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Tab. A.3.: Inconel refractive index data calculated using OptiRE [Tihonravov and
Trubetskov, 2014] multilayer modeling software.
Inconel 1 Inconel 2 Inconel 3
⁄, nm n k n k n k
445 0.91 1.97 2.16 1.80 2.16 3.16
450 0.97 1.96 2.17 1.80 2.17 3.11
455 1.03 1.95 2.18 1.81 2.18 3.06
460 1.10 1.94 2.19 1.81 2.19 3.01
465 1.16 1.93 2.21 1.82 2.21 2.96
470 1.23 1.93 2.22 1.82 2.22 2.91
475 1.30 1.92 2.23 1.82 2.23 2.86
480 1.37 1.91 2.24 1.83 2.24 2.81
485 1.44 1.90 2.25 1.83 2.25 2.76
490 1.51 1.89 2.26 1.84 2.26 2.71
495 1.58 1.88 2.27 1.84 2.27 2.66
500 1.65 1.87 2.29 1.85 2.29 2.61
505 1.73 1.85 2.30 1.85 2.30 2.56
510 1.80 1.84 2.31 1.85 2.31 2.51
515 1.88 1.83 2.32 1.86 2.32 2.46
520 1.95 1.82 2.33 1.86 2.33 2.41
525 2.02 1.81 2.34 1.87 2.34 2.36
530 2.10 1.79 2.35 1.87 2.35 2.31
535 2.17 1.78 2.37 1.88 2.37 2.26
540 2.25 1.76 2.38 1.88 2.38 2.21
545 2.32 1.75 2.39 1.88 2.39 2.16
550 2.39 1.74 2.40 1.89 2.40 2.11
555 2.46 1.73 2.41 1.89 2.41 2.06
560 2.53 1.71 2.42 1.90 2.42 2.01
565 2.60 1.70 2.43 1.90 2.43 1.96
570 2.67 1.70 2.45 1.90 2.45 1.91
575 2.73 1.69 2.46 1.91 2.46 1.86
580 2.80 1.69 2.47 1.91 2.47 1.81
585 2.86 1.69 2.48 1.92 2.48 1.76
590 2.93 1.69 2.49 1.92 2.49 1.71
595 2.99 1.69 2.50 1.92 2.50 1.66
600 3.05 1.69 2.51 1.93 2.51 1.61
605 3.11 1.70 2.53 1.93 2.53 1.56
610 3.17 1.70 2.54 1.93 2.54 1.51
615 3.23 1.71 2.55 1.94 2.55 1.46
620 3.29 1.72 2.56 1.94 2.56 1.41
625 3.34 1.73 2.57 1.95 2.57 1.36
630 3.40 1.75 2.58 1.95 2.58 1.31
635 3.46 1.76 2.59 1.95 2.59 1.26
640 3.52 1.77 2.60 1.96 2.60 1.21
645 3.58 1.79 2.62 1.96 2.62 1.16
650 3.64 1.81 2.63 1.96 2.63 1.11
655 3.70 1.82 2.64 1.97 2.64 1.06
660 3.75 1.84 2.65 1.97 2.65 1.01
665 3.81 1.86 2.66 1.97 2.66 0.96
670 3.87 1.88 2.67 1.98 2.67 0.90
675 3.93 1.90 2.68 1.98 2.68 0.85
680 3.99 1.92 2.70 1.99 2.70 0.80
685 4.05 1.94 2.71 1.99 2.71 0.75
690 4.11 1.96 2.72 1.99 2.72 0.70
695 4.17 1.97 2.73 2.00 2.73 0.65
700 4.22 1.99 2.74 2.00 2.74 0.60
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Sample 1 Sample 2 Sample 3








































































Sample 4 Sample 5 Sample 6








































































Sample 7 Sample 8 Sample 9








































































Sample 10 Sample 11 Sample 12








































































Sample 13 Sample 14 Sample 15

































































































Fig. A.2.: Reflectance Factor comparison for the 16 color mirror samples between
































Fig. A.3.: RMS comparison for the Color Mirrors and the Color Tiles from spectral
reflectance data shown in Figures A.1 and A.2.
Tab. A.4.: RMS data comparison for the 8 color tiles and 16 color mirror samples
between the theoretical or Eye One data (solid blue) and MS measured
(dashed red), from Figures A.1 and A.2.
Tile # RMS Mirror # RMS
1 0.014 1 0.01
2 0.013 2 0.007
3 0.01 3 0.007
4 0.004 4 0.008
5 0.006 5 0.0193
6 0.01 6 0.0153
7 0.011 7 0.027
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BAppendix: Block Dye
Mirror Designs
The following designs in Table B.1 are deposited on an aluminum base or
film (nAl=0.912, kAl=6.55). The design reflectances are shown in Figure
B.1.
Tab. B.1.: Block design layer physical thicknesses (nm) for the ten designs shown in
Figure B.1. T=TiO2, N=Ni, and Y=Y2O3. (nN =1.75, kN =3.19, nT =2.3,
nY =1.8).
Layer # Material 1 2 3 4 5 6 7 8 9 10
1 T 74.5 79.9 85.0 90.4 93.8 102.8 108.8 142.3 148.6 155.0
2 N 17.3 18.5 19.7 17.7 18.4 20.1 21.3 13.0 13.5 14.1
3 Y 135.9 152.8 162.6 166.8 173.1 182.2 192.9 196.1 204.9 213.7
4 N 7.9 8.4 9.0 10.1 10.4 11.5 12.2 8.7 9.1 9.5
5 T 71.4 66.6 70.9 118.0 122.5 119.4 126.4 130.5 136.3 142.1
6 Y 67.8 96.1 102.2 47.6 49.4 70.7 74.8 64.6 67.5 70.4
7 T 56.5 51.5 54.8 54.2 56.2 60.8 64.3 89.0 93.0 97.0
8 Y 65.8 64.6 68.7 82.0 85.1 90.1 95.4 82.8 86.5 90.2
9 T 37.1 46.7 49.7 62.4 64.7 66.6 70.5 71.8 75.0 78.3
10 Y 57.7 58.7 62.5 77.9 80.9 78.9 83.5 106.9 111.7 116.5
11 T 55.6 54.7 58.2 61.1 63.4 58.4 61.9 52.0 54.3 56.6
12 Y 74.1 96.2 102.4 78.8 81.8 95.7 101.3 121.0 126.4 131.8
13 T 51.6 43.3 46.1 23.1 24.0 64.1 67.9 49.6 51.9 54.1
14 Y 35.1 47.6 50.6 112.0 116.2 66.2 70.1 118.2 123.5 128.8
15 T 49.1 49.8 52.9 58.9 61.1 79.4 84.1 58.4 61.0 63.6
16 Y 78.9 72.6 77.2 75.0 77.8 85.8 90.8 118.5 123.8 129.2
17 T 65.4 92.7 98.7 120.7 125.2 143.6 152.0 158.7 165.8 172.9
18 Y 89.0 82.7 88.0 68.8 71.4 60.2 63.7 62.7 65.5 68.3
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Fig. B.1.: Spectral reflectance profiles from 10 "Block Dye" designs [Kruschwitz
and Berns, 2014]. Each reflectance profile is an integrated reflectance
curve for one specific design integrated over the incident angle range of
20¶ to 60¶.
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CAppendix: Ideal Target
Results
A virtual camera with sensitivities similar to those measured from a Canon
EOS Rebel T2i (without an IR filter) was used to evaluate the effectiveness
of the ideal target. A yellow and a cyan glass filter’s transmission were
incorporated with the sensitivities, creating six RGB channels, shown in
Figure C.1.































Fig. C.1.: Virtual camera normalized sensitivities with yellow (R-y, G-y, B-y ) and
cyan filters (R-c, G-c, B-c).
A calibration transformation was created using eigenvector scalars derived
from the color standard’s spectral reflectance (Figure C.2) and estimates their
contribution from camera signals. The Matrix M shown in Equation C.1 was
derived using a pseudo-inverse calculation on the difference between the
digital counts and the mean of the digital counts taken from the six RGB
channels. The eigenvectors were derived using PCA, where R⁄ are the target
spectral reflectances, and V̄⁄ is the mean reflectance of the reflectance dataset.
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Fig. C.2.: Block dye designs, plus a white, and a dark gray used as the ideal target
in the color target simulation).
There were six eigenvectors (Figure C.3) used and the six RGB digital counts,
therefore M was calculated to be a 6x6 matrix (Equation C.2).





ry,1 · · · ry,12
gy,1 · · · gy,12
by,1 · · · by,12
rc,1 · · · rc,12
gc,1 · · · gc,12




















1.47 3.32 -2.29 4.87 -6.37 0.88
-1.26 -4.41 -0.19 -0.51 2.37 -0.06
-2.87 3.96 7.67 5.98 -4.27 -7.12
1.77 1.51 5.25 1.10 -1.10 -8.77
-6.94 10.85 3.51 6.70 -4.25 -9.65




Digital counts calculated using the virtual camera were used with the calcu-
lated eigenvectors (Figure C.3, the 6x6 matrix M (Equation C.2) in Equation
C.3 to calculate the simulated spectral reflectances. The comparison of the
theoretical (black) versus the simulated (dashed red) for the Block Colors
110 Chapter C Appendix: Ideal Target Results






























Fig. C.3.: Eigenvectors used to calculate spectral reflectance for 12 Block dye mir-
rors and 24 ColorChecker patches.
are shown in Figures C.4, C.5, and C.6. The comparison for the ColorChecker
color patches are shown in Figures C.7, C.8, and C.9. The calculated RMS
differences between theory and simulated for both the Block color mirrors
and the ColorChecker patches are shown in Figure C.10. The DE00 color
difference between the theoretical and simulated spectral reflectances for
both the Block color mirrors and the ColorChecker patches are shown in
Figure C.11. The Block Dye 12 color mirrors performed exceptionally well
compared to the 14 color EXP target [Mohammadi et al., 2005] in terms of
color difference for the ColorChecker. The mean DE00 for the Block Dye color
mirrors was 1.17 and 4.0 for the EXP target.






Rc,1 · · · Rc,12
Gc,1 · · · Gc,12
Bc,1 · · · Bc,12
Ry,1 · · · Ry,12
Gy,1 · · · Gy,12


















Tab. C.1.: RGB digital counts for Block Mirrors using virtual camera.
1 2 3 4 5 6 7 8 9 10 White Dk Gray
R-c 0.07 0.08 0.12 0.24 0.38 0.71 0.72 0.54 0.31 0.15 0.92 0.05
G-c 0.06 0.15 0.36 0.60 0.71 0.68 0.43 0.19 0.08 0.06 0.92 0.05
B-c 0.30 0.58 0.67 0.54 0.40 0.21 0.11 0.07 0.05 0.05 0.92 0.05
R-y 0.06 0.03 0.04 0.07 0.12 0.33 0.51 0.77 0.71 0.60 0.92 0.05
G-y 0.04 0.08 0.23 0.43 0.54 0.61 0.47 0.38 0.28 0.23 0.92 0.05
B-y 0.08 0.35 0.56 0.56 0.45 0.28 0.20 0.26 0.25 0.23 0.92 0.05




























































Fig. C.4.: Theory (black) versus simulated (dashed red) for four Block color mirrors.




























































Fig. C.5.: Theory (black) versus simulated (dashed red) for four Block color mirrors.
112 Chapter C Appendix: Ideal Target Results




























































Fig. C.6.: Theory (black) versus simulated (dashed red) for two Block color patches
and the white and dark grey mirrors.
































































































Fig. C.7.: Theory (black) versus simulated (dashed red) for eight out of 24 color
patches from the Color Checker Classic.
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Fig. C.8.: Theory (black) versus simulated (dashed red) for eight out of 24 color
patches from the Color Checker Classic.
































































































Fig. C.9.: Theory (black) versus simulated (dashed red) for eight out of 24 color
patches from the Color Checker Classic.
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Fig. C.10.: RMS values comparing spectral reflectance of actual color patch to
simulated using the virtual camera transformation in Equation C.1.


































Fig. C.11.: Color difference, DE00, values comparing spectral reflectance of actual




DAppendix: SiO2 on Silicon
Experimental Results
This Appendix contains data from the experiment in Chapter 4. Included
are the values for the transformation matrix, M (Equation D.1), and the
comparison of theoretical versus measured spectral reflectance for SiO2 films
on silicon ranging in thickness from 0 - 600nm (Figures D.1 - D.4). Thickness
information for each of the 15 SiO2 film color patches for the Dual-Angle




≠6.26 ≠2.53 0.91 7.70 5.73 ≠0.71
≠6.93 ≠5.42 ≠2.34 4.93 5.24 6.29
≠22.20 ≠25.09 ≠9.32 19.85 24.58 11.76
≠3.61 ≠49.77 ≠29.51 ≠1.63 46.33 36.18
1.70 75.03 19.59 3.10 ≠67.68 ≠31.21


































































































































































































































































































Fig. D.1.: Theoretical vs. Simulated SiO2 thicknesses from 0-140nm, every 10nm.
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Fig. D.2.: Theoretical vs. Simulated SiO2 thicknesses from 150-290nm, every 10nm.
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Fig. D.3.: Theoretical vs. Simulated SiO2 thicknesses from 300-440nm, every 10nm.
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Fig. D.4.: Theoretical vs. Simulated SiO2 thicknesses from 450-590nm, every 10nm.
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Tab. D.1.: SiO2 color target with 15 thicknesses on silicon.
Patch No. SiO2 (nm) R Patch No. SiO2 (nm) R














































































































































































































































































122 Chapter D Appendix: SiO2 on Silicon Experimental Results
EAppendix: Tear Film Target
Designs
This section contains design information for the Human Tear Film color target
(Tables E.1 and E.2). As a reminder, a quarter-wave optical thickness can be
used to solve for the physical thickness, d, of a film by using the following:
d = q⁄4n (E.1)
where q is the number of quarter-waves for the layer, ⁄ is the design wave-
length, and n is the refractive index of the film. The indices of the substrate
and all of the appropriate layers are listed in Tables E.1 and E.2. The spectral
reflectance data of the 500nm aqueous thicknesses for a range of lipid layer
thicknesses, 0-220nm, are shown in Figures E.1, E.2, and for an aqueous
thickness of 2000nm with a lipid layer thickness range of 0-220nm in Figures
E.3, and E.4.
Tab. E.1.: Tear Film Coating Equivalent Layer Designs for Lipid Layer (LL) Thick-
ness. Substrate is BK7, nBK7=1.52. Physical thickness in nm, quarter-
wave optical thickness (q) ⁄=534.8nm. S1=first [thick] SiO2 layer,
M=MgF2 layer, A1=first Al2O3 layer, S2=second SiO2 layer, A2=second
Al2O3 layer. ( nS1=1.45, nM =1.38, nA1=1.64, nS2=1.45 )
AQ (nm) LL (nm) S1 (q) M (q) A1 (q) S2 (q) A2 (q)
500,540,600,660,2000 240 5,5.4,6,6.6,20 - 1.905 0.329 0.412
500,540,600,660,2000 220 5,5.4,6,6.6,20 - 1.724 0.334 0.389
500,540,600,660,2000 200 5,5.4,6,6.6,20 - 1.582 0.335 0.345
500,540,600,660,2000 180 5,5.4,6,6.6,20 - 1.51 0.335 0.260
500,540,600,660,2000 160 5,5.4,6,6.6,20 - 0.602 0.537 0.375
500,540,600,660,2000 140 5,5.4,6,6.6,20 - 0.539 0.482 0.365
500,540,600,660,2000 120 5,5.4,6,6.6,20 - 0.427 0.413 0.375
500,540,600,660,2000 100 5,5.4,6,6.6,20 - 0.279 0.374 0.383
500,540,600,660,2000 80 5,5.4,6,6.6,20 - 0.121 0.353 0.375
500,540,600,660,2000 60 5,5.4,6,6.6,20 0.227 - - 0.402
123
Tab. E.2.: Tear Film Coating Equivalent Layer Designs for Aqueous (AQ) and Lipid
Layer (LL) Thickness. Physical thickness in nm, quarter-wave optical
thickness (q) ⁄=534.8nm. S1=first [thick] SiO2 layer, M=MgF2 layer,
S2=second SiO2 layer.
AQ (nm) LL (nm) S1 (q) M (q) S2 (q)
500,540,600 40 4.276,4.683,5.258 0.318 0.913
660,2000 40 5.857,19.266 0.318 0.913
500,540,600 20 4.292,4.713,5.363 0.544 0.385
660,2000 20 5.897,19.336 0.544 0.385
500,540,600 0 3.979,4.296,5.135 1.008,1.046,0.94 -
660,2000 0 5.674,19.029 0.946,0.892 -








































































Fig. E.1.: Spectral reflectance for 500nm aqueous layer and lipid layer thicknesses
from 0-100nm (black), and matching target coating design (dashed red).








































































Fig. E.2.: Spectral reflectance for 500nm aqueous layer and lipid layer thicknesses
from 120-220nm (black), and matching target coating design (dashed
red).
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Fig. E.3.: Spectral reflectance for 2000nm aqueous layer and lipid layer thicknesses
from 0-100nm (black), and matching target coating design (dashed red).








































































Fig. E.4.: Spectral reflectance for 2000nm aqueous layer and lipid layer thicknesses




FAppendix: Tear Film Target
Detailed Results
This Appendix contains all of the data from spectral reflectance reconstruction
using PCA on the 22 aqueous and lipid layer thicknesses for a suggested
color target. The eigenvectors calculated and the RMS error between the
theoretical and reconstructed spectral reflectances are shown in Figure F.1.
The transformation matrix, M, from Equation 5.1 is shown in Equation F.1.
The RMS error for the target spectral reconstruction is shown in Figure F.2
and all of the specific spectral reflectance data used to calculate the RMS




12.98 1.24 116.89 6.11 -21.53 -381.13 -7.91 20.98 270.33
8.54 -3.74 224.97 3.48 8.31 -204.58 -2.17 -4.22 -30.87
14.52 -16.10 -49.66 11.80 -40.13 -438.05 -15.28 37.61 497.76
-7.03 10.74 98.70 4.64 -7.79 -114.58 -2.95 5.56 12.52
-0.15 3.77 325.38 -0.13 13.77 -22.42 7.44 -24.03 -300.77
1.20 4.50 -68.74 -0.40 -21.97 200.89 -3.10 21.49 -135.22
-2.28 6.22 286.00 -0.58 18.49 220.79 1.60 -22.66 -507.74
-3.65 3.90 -423.21 0.05 1.61 862.64 0.56 0.50 -443.31
































































Fig. F.1.: Eigenvectors 1-5 (left) and 6-9 (right) representing the 22 calibration
targets using PCA.
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Fig. F.2.: Plots representing RMS error for the Color Target.
M0 M20 M40
50.62 -24.84 -24.79 50.35 -23.95 -22.53 50.83 -23.04 -21.01
0.62 25.16 -24.79 0.37 25.12 -23.40 0.90 25.00 -22.79
0.00 0.00 1.00 0.00 0.00 1.00 0.00 0.00 1.00
M60 M80 M100
50.91 -23.85 -20.57 50.63 -25.85 -21.27 50.25 -28.99 -23.28
0.99 24.11 -22.33 0.66 22.96 -22.24 0.24 21.71 -22.72
0.00 0.00 1.00 0.00 0.00 1.00 0.00 0.00 1.00
M120 M140 M160
49.87 -33.83 -26.34 48.83 -41.37 -25.75 47.13 -49.62 -13.85
-0.12 20.06 -23.31 -0.92 17.28 -20.37 -2.15 12.84 -10.37
0.00 0.00 1.00 0.00 0.00 1.00 0.00 0.00 1.00
M180 M200
46.23 -47.12 -3.51 44.64 -31.45 -2.77
-3.31 8.64 -3.08 -6.58 11.40 -3.40
0.00 0.00 1.00 0.00 0.00 1.00
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Fig. F.3.: Theory (solid black) vs. Reconstructed (dashed red) spectral reflectance
of varying lipid layer thickness with an aqueous layer of 3500nm.
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Fig. F.4.: Theory (solid black) vs. Reconstructed (dashed red) spectral reflectance
of varying lipid layer thickness with an aqueous layer of 3500nm.
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Fig. F.5.: Theory (solid black) vs. Reconstructed (dashed red) spectral reflectance
of varying lipid layer thickness with an aqueous layer of 3000nm.
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Fig. F.6.: Theory (solid black) vs. Reconstructed (dashed red) spectral reflectance
of varying lipid layer thickness with an aqueous layer of 3000nm.
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